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Foreword

This Final Scientific Report covers the work performed under

Contract AF 61(052)-916 during the period from 1 January 1966

to 31 March 1968 which terminates this program. It is pub-
lished for information only and does not necessarily represent
the recommendations, conclusions or approval of the Air Force.

This contract with the "Laboratorium fOr Werkzeugmaschinen und

Betriebslehre der Technischen Hochschule Aachen" was initiated

under Manufacturing Methods Project "Chatter Behavior of Heavy

Machine Tools". It has been accomplished under the technical

direction of Mr. Floyd L. Whitney of the Advanced Fabrication

Techniques Branch, MATV, Manufacturing Technology Division, Air
Force Materials Laboratory, Wright-Patterson Air Force Base 1OHIO.

Closely related efforts in the field of vibration analysis are

covered under Contracts AF 33 (615)-2661 at the Cincinnati Mil-

ling and Grinding Machines, Inc., Cincinnati, Ohio; AF 33

(615)-2664 at the Department of Mechanical Engineering Univer-

sity of Cincinnati; AF 61 (052)-961 at the "Institut ftir Werk-

zeugmaschinen und Betriebswinsenschaften der Technischen Hoch-

sohule M~inchen" and AF 61 (052)-966 at the "Laboratorium fttr
Werkzeugmauohinen und tetriebslehre der Technisahen Hochschule
Aachen".

The Ivincipal investigator of this project is Professor Dr.-Ing.

Dr. h.c. D. So. 11. Opitz. Chief engineer is Dr.-Ing. A. Mussen-

brock. The work on the project was performed by the following

research group:

Research engineers on chatter analysis and investigations of

the vt~ttng process are Dipl.-Ing. H. Kubeth, Dipl.-Ing. F. Ber-

nardi and Dipl.-Ing. K. Beckenbauer.

Research engineers on structure analysis are Dr.-Ing. W. Ddpper

and DiPl.-Wirtsch..ing. I1, Groth.
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Abstract

This project has been engaged in a program of research which

was directed at the problem of determining and improving the

dynamic stability of machine tool-metal cutting systems. Such

a study will provide machine tool manufacturers with the neces-

sary analytical methods, tests and specification techniques to

assure a chatter free cutting process for large machine tools.

Based upon the theory of regenerative chatter the system ma-

chine-tool - cutting process Is reduced to a nonintermeshed

closed control loop, of which the stability behavior is represen-

tative for the chatterfree cutting performance. For economically

carrying out the stability analysis digital computer programs

have been developed. Results of practical chatter investiga-

tions are finally detailed.

The discussion of different possibilities to provide data for

chatter spedifioations showed, that further practical investi-

gations must be carried out, before one of the discussed proce-

dures can be finally stated to be fully suitable and before

machine tool chatter specifications can be published respec-
tively.

Methods and digital computer programs have been developed and

tested for the precalculation of the static and dynamic pro-
perties of machine tool systems already in the status of design.

A short general view over this research work is presented.

For calculating the deformation of columns with square and
rectangular cross-section equations have been derived. They

inclnde the influence of shear force and a cross-sectional

distortion under torsional loads can be considered as well.

In model tests these equations have been proved. Furthermore

the influence of different types of ribbing on the static and

dynamic behavior of columns has been determined.

- iii -
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Introduction

In machining processes on cutting machine tools often intense

vibrations occur, which can shorten the tool life, increase

the wear of the machine and cause insufficient accuracy and
surface quality of the workpieces. Because of these vibrations

- in general called chatter vibrations - in many oases the per-
formance of the machining operation can even be impossible

without changing the given cutting conditions. In the plant

a change of the cutting conditions is not necessarily but actu-

ally in most of the practical cases connected with a decrease

of cutting performance, which moans a forfeiture of profit

for the machine tool user. This aspect becomes specially im-

portant for machines which require high amounts of investment,

as for ingtance large and heavy machine tools and NC machines.

The above listed reasons caused the United States Air Force

Materials Laboratory, Research and Technology Division, to

sponsor a research program for the investigation of the dynamic

and chatter behavior of machine tools in general.

This Final Scientific Report covers the work performed under Con-

tract AF 61 (052)-916 at the Laboratorium fir Werkzeugmaschinen

und Betriebslehre der Technisohen Hochschule Aachen. The re-

search work was initiated on 1 January 1966 and terminated on
31 March 1968. This contract is the continuation of the research

work conducted at the same institute under Contract AF 61(052)-

713 during the period from 1 June 1963 to 30 November 1964.

Under the preceding contract, which for the first time dealt

with systematical investigations into the static and dynamic

properties and the chatter behavior of heavy machine tools, fun-
damental research work on the field of the development of
measuring equipment and test procedures as well as initial

tneoretical investigations concerning the chatter behavior in

face milling operations have been carried out. Additionally

-1- -



initiaRi teps nave been done to calculate the static and dyna-

mic properties of machine tool elements by means of o1ectront-

cal computers.

The aim of this now contract, in which the important results

of the preceding contract have been umed, was to improve the

dynamic and chatter behavior of cutting machine tools in

general and therewith to get higher profit from the taohine

tool capacity. The total roeearch work is directod at impro-

ving the behavior of actual machines in the ahop and of ma-

chine tools being in the 6tatts of design,

The object ol' the first section "Chatter Analysis" wan to inve-

stigate the theoretical relationships In machine tool. chatter

and to get knowledge about the offect of the manhining para-

meters and structural characteristics upon the chatter behavior.

Extensive theoretical and experimental investigations have been

discussed in the Quarterly Technical Reports (see Ref, 1-1i8).

The most important results and especially the practical appli-

cation of the developed procedures are detailed in the first

part of this report. In this part a mathematical model being

generally valid, is entablimhedo by means of which the stabi-

lity of milling and tur'ning operations can be analyzed. In

this model certain simplifications of the exact mathematidal

relations are included, which however have negligible influence

upon the accuracy ol the resulto for the practically interesting

conditions. Theme simplifications have only bemn introduced
in order to make the chatter investigation to be carried out

easily and economically.

One essential purpose of the theoretical chatter analysim

is to provide the necessary data for chosing the machining con-

ditions in such a manner, that a high chatter free cutting

performance can be reached. In order to take into account

and to vary the praotioally interesting parameterm easlly in

the theoretical calculation different digital conputer pro..

-2-



grams~ have been developedi by Meangi of which thle stability Aiialy-
mim can be carried out, In innny appiliation canes a very good
corr'elation between theoretical and experiuwnta). borderlines
of stability has been obtained.

F ~An additional purp~ose of the renchrarh work in the sectioni

C~hatter Awia1lwia was to 4ttidy the bat~ai for ostoblishing dyna-

miai specificationsa for mnachine tools* Dyhahiio (chatter) speci-
ficatiohm1 whidih tire demanded for Nihae kbout lo years chiefly

by the innuhirie tool umerm, whall comonleto the geometrical Sgpe-
jificktimns after Sohleminger, bynamic speoificatiohs Nhall

enable maohine tool usern to judgo and to compare the machines

relia~bl~y with regard to iheir chattee'free cu~tting p'!rfz~'V,,lnoe.

Ihvestiltati.ori on mililingj mAchiheiq and lathes of vurious typ~eu

And raufactureirn gave the pohinibility t3 atudy the cotiditionm
for tho oatablishlouht of general dyintwic sipeo ificat tons, rrom
theme extensive investigaitions On principle differenit possihi-

lities cani be derived for teating arid oeo~ifyiri,4 niarhin, tool
chatter bohavior. These proceduras will be aimoumsed in the

geoood soctioni "Chatter Mpeoificatiohm". Iowe-vor, conmictering
the nUrmje)R as ipedtatunaeononing ahatter apeci f1ciat ions which
Were unknrown until now and thoreforo *are noat tnkeii inlto
accounit when initiating thiQ program, it can be tntatd haee
beforotinui, that it meenfus very j': moture to establIsh and
to pUblish ohattor Npeatficationis at thim time,

Anothor part of thim ciontraut dulalt with ritruatlArl-rinalyuig,
Frow tho Above men-tioned paint of viow and Iii & I.ot of ather
oagus it would be very helpful for sxIroly being ablo to pro-

aiklouaiktv tho Nstatio And dyinamia bhhAvioA' of inachine tool parts
antd symtemm of theme elaemnft" whiich conmequently give a ma-

chine tool,

Withiin this part cf the (contraot Hono muthodm wtire devvlopOd
to caloulato th" lator bhnhrVior nItready ilu 014. Mtatuw of



design (see Ref.[2 I Q•). Starting from a flux of force analysis
over sone total machine construotions the steps for developing

the methods, programing and testing them was fixed.

During this work problems occured with respect to an econo-

mical preparation of input data am for example cross section
values. Por this purpose additionally a. methods was found

and will be fully described.
The methods carried out here may be called solving a lot of Uo

far not or unsufficiently solved problems by aid of a computer
during the deoign pgooess, The usefulnessand accuracy of thle

suggested ways are whown within the several Quarterly Techni-

cal Reports comparing measured and computed results about

representative structures,

However, it has to be pointed out already, In the foreword

that still problems occur when applying the methods to arbitra.
ry chosen systems with respect to the boundary oondLtiohu in
form of vo far unknown static and dynamio behavior of the

cohnectioh points between elements and to the foundation.

nesides the computation of the static and dynamic behavior of

machines or struotural elements it in still necessary

to test actual structures themselves or models, In order to

determine the influence of internal ribs and will ribs on thu

behavior of column models with different types of ribbing

have been tented, Theme testu point out some interesting
aspects for dewigning columns. In addition to the touts an

anatlysis of the deformation of columns loaded by a single force

or a couple of eoroes is given empeaially with respect tu the

deformation due to shear force and crous-wsotional distortion

caused by torsional loads,

-4.



i. Chatter Analyi.is

Vibrations on machine tools ocouring relatively between work-

piece and tool can be reduced to different exciting mechanisms

which however in a certain caset can only be distinguished hard-

ly. Acoording to the fundamental rewearch work into the vibra-
tion behavior of machine tools conducted especially by Tobias
aod Tlusty-Polacek, the observed vibration phenomena caii be

classified Into two main groups:

Forced vibrations
Self excited vibrations.

Forced vibrations are often generated by external forces, which

are transferred by the machine foundation, Unbalancep errors

and defects in gear drives and bearings have unfavourable effect

chiefly in these cases, where their frequency correlates to a
natural frequency of the machine. In these oases resonances are

excited with often very great vibration amplitudes at the out-
ting point. In the shop the disturbance sources in general can

be localized and removed oamyly.

In this connecticio. the periodic forcem in interrupted cutting

processes and eepocially in face milling by the tooth mesh i2i-
pacts as well as by the vAryitig number of teeth being in contact

with the workpiece are o.* high importance. Forced vibrations, as

they can be observed in face milling) ara characttrized by the
function of the vibration amplitude at the cutting point versus
the deapth of out, whioh is given in FLgure 1.1 a. It can be

eeon, that until a certain deapth o. cut the relationship

between vibratiori amplitude and deapth of out is almost linear.
An it was states in practical oatting tests, the vibration

amplitudes keep almost constanlt with incroksing deapth of cut

above this point. In the plant resonances excited by periodic
foraeu in general can be avoided by suitably choosingr the out.

ting conditions., In mAny canse of milling a slight change oc

the £rtttonal spoed is o3r•redy muccemoful.



However, in face milling operations it is sometimes difficult to

distinguish forced vibrations from self excited vibration.

immediately, For self excited vibrations the function vibration

amplitude versus deapth of cut, plotted in Figure 1.1 b is

characteristic. It can be seen, that the vibration amplitude

increase. suddenly, when exceeding a certain deapth of out, the

socalled criti.cal deapth of cut. An important characteristic

of self excited vibrations is, that they can arise due to a

single disturbance and then continue and increase respectively

without any other external force acting. The energy being

necessary for the vibration, is here produced by the cutting

process itself. In thr following the term "Chatter" is exclusive-

ly reserved for vibrations, which occur due to self-excitation.

Many theories have been developed in the last years in order to ex-

plain the observed self-excited vibrations by different physi-

cal effects.

However, as it was found otit by Fishwiok Gurney, Tobiaa

[4,6121] and Tlusty-Polacek (11 , in turning proceismes the so-

called regenerative effect is mainly the cause for chatter,

Research work performed by P6ters-Vanherck [20J as well as the

inveatigations performed under Contract AF 61 (062)-713 (101

showed, that the regenerative effect is valid in milling opera-

tions too,

In a stationary cutting process a static cutti.ng force is ac-

ting, which causes a atatic deformation of the elements in the

flux of force, If this static force is superimposed by a dyna-

mic force - for example an initial distuirbance due to material

inhomogoeneity - an additional relative displacement is excited

between worhpieoe and tool, which produces a chip thickness

variation and a wavy workpioce surface. The amount of the din-

placement and thus the deapth of the waves is depundent on the

dynamic compliance of the machine, If the tool cuts this wavy

surface again, a dynamic cutting foroe is generated, which

auts upon the meahinu too. This meohanigm ,ian ho ropropiented

-0- -



by the block diagram in Figure 1.2, The stability of this

closed control loop and there with the uhatter behavior depends

on the properties of the machine on one hand and on different

parameters given by the cutting process on the other hand.

For the stability analysis the milling process wam at first

replaced by a model similar to that used already for turning

processes by Tobiao, Tlusty and P6ters, Hereby it is assumed,

that the chip thickness variation takes place in the middle

of the arc of contact and that the cutting forces acting at the

cuttePv teeth can be taken as one resultant force acting in the

middle of the arc of contact too. Wtth this assumptions the

machine dynamics can be measured as directed re.4ponse locuti,

i. e. excitation in the direction of the resultant force and

measurement in the direction of the m|aximum chip thickness

variation. The stability analysis on the basis of the directed

response locus is relatively easy to carry out, however, the

directed response locus is valid for limited cuttirg condtitisn

only. Another decisive disadvantage is, that the approximation

of the milling process by thin so-called single-tooth model

yields the more incorrect results the greater the arc of eon-

tact is,

For this reason the multi-tooth model has been developed

[8,9,10,11-14] , whereby the orientation of the chip thickness

- and cutting force variation is not taken into account al-

ready during the measurement of the response loci, but by

additional direction coefficientsqin the following stability

calculation. By this the dynamic measuremcnt can be conduc-

ted completely independent from a given machining configuration.

Usually the excitation and the measuremont are performed in

the three directions o, a rectangular carthesian coordinate

system, of which the axes correlkte with the feed directions

of the machine, By introducing the diroction coefficients now

the angular-position of each tooth and tho amount and the

direction of the cutting forcos acting at each tooth can be

-7-



proce~ss" can lie 'cpromented by two Hingl 10 b0 ov"chip thicak-
nt-:.- cooffic~~int" and I,~ atef ficienil" as shown in

t1ased upon the thoory of requnerzttive. oha-ttfr In the fol~loWihg
at first the system oiquation~will be formulatod MWd the otahi-
lity runaly~iu will. be, expli nied, Ilurehy the heuavy duty machining
of Ve-rnaterials with carbidt, tools sh~all mainly be considored.

JA Control Loop Reprosentat ion of the. pynaýmic hiachitnLng

Process

As~ already shown, the relationshipi4 being val~id in rtigenerative
chatter, can tie represented by a olo~vd cont-rol. loop. TIhe

apl.11WAbility of the stability criterzial well. known from tho
control enigineering, depends on tho quo~tion, In what mathe-

maitical form the blnoku oan bo dee*oribed, Thaiefoeoa it Eleetiw

reasoftable to disugon at firgt -ýhe difforetit blooko of the

r control loop,

1. , 1, DL~sousion of the 13looki_ of the Control Loop

[ iFor the decaription of the miachine tool propertiem with rtigard
to a ch~'tter investigation it io auffiuoint to have lknowledgu

about the inachine dynamiom at the cu~tting~ point only. Suppo~jing,
that in a dynamic machining opevration dynamini foroos are no-

ting rolatively between worl~picau And tool, which can bEt ro-

presented by thoir componvnts YXI 11 yo lZ in thrue di~reotionta
of a cartesian co-ordiniato symtonI, the dynamic behRViozV at
the outting, paint can be do~cribed t, nine rakiponae loci



G~qjCL~)G tj - (w) W_(ui

Tk Yw 2SJL&)

F7,ý. (I') Fy CY w Oy tf ) 1  (0)

~~ýW e W y

wheCrC X, It iK O the oopnn~of t:he telrtitive diaptattemnt

between workpieco and tool..

Trhe renonge loci Uore usually mentiured litt the machine it~el-.i
beca~usE up to this time no sufffi'ijent ly exci t: restil.- tou(nf be
obtftiniod tusingr digitnl. computat ion methods, V1ot this purpose
in most 0f the cases exciter tests are carried out at the hiiw-

ohirie atlauiding igtihll whereby i~tticti atnd dynamic foraeMA are
apphlied betWeeh wHekpie'IG anid tool. by imeanu of' stpeniil exaiterli,
Thu rellative dimplacaui'itn ontuned by the dyhaitmid forceig aire
rel ated to thebw forcem and plotted tin tho turni of roeponge loot

if a±na automatic trati~fer ftuhation tthUIyv~r iti (jontleotion witLh
an afiitle~g-cigltii. -convorter Aild a tuiv or eard pt~null is used Pcji

thi~l puIrpowe, tho Lhatit atre awtiiithlu for the eitabilit-y anR~ymi"
on the d~ilita. cormputer, iimnediatuy aftetr thu dyhamia mea~uroknellt,

Under Contract AIP (11 (082)40 )-ii n the bttwi~t of' tbu random hoii~e
thcory a IWORutIIillIt riooo(JdkurO hRN boun (IevoloUped, by tnoanm of
which thev dynamic measureomnt oan ho performed att the runiiing
mawnine and oven under ikohial imw~hinitir conditiov Ofwh ) . C100(i
SiVInOlation Of t he MRChtI1Ingr conchit iO1H AS I pOHuiM.0 in MAnly
cauas J ei~pucoia1 )y whoru tho mpind lu it4 thet criticalI. Htruo-

turLal olebtent - uminii Che cuntac ton 1O1 Ioatro-maitle~t ia exo itur'
devel oped wider thiw contraotit (t,-ov [17/1 ).

FrVoml tho ))coert ton of the 4JaLU1inlt tho (IIItahit ri 0111atEriz1n)g

vie out ting proc e~ui bl ook aro c ompkite l y -I dndel~dnt ,T'he

fuloinu 101of tile HoCnafl)Ioci chii'otioii 0(outfflitiiuntu 01111 ho o~x..



Plairied looking at the~ Adhetmatio drawing tof k f~ao milling opo-

ration giveni ini F~ir 14 he rltioknohip, dar~veu: here fo~r
mil~ling operations trr also valid for tu.rning opurations, how-.
ever the aquationrn doooribing thuo lurning proovt~a ai"t in genrirll

* Moro gimplo,

Anumihjg at firi~t a dynamioi mythiu with onily one degt-oe of
froodoin iti R-div~eoti'ih thO rellation botween ri rlotivo di uilAve~-
went X and thO LUttilig fOrde variatiOn VXat the i-thi #Id9
of the cutter, ciuaed by thia displ1acement cawt be r.3prvoaehtid by
the dia~ram in Wi'i~ue i,11, Thu ouitt{uf fortOe variation catn be
formuklatedA a&g

~ (N) N - ~ ) kc~Sin VC sipr7 ?' -cs~ C k 0(ý d7- ) (

*ith ka w hip thiokhoA coefficient

Tw. rotgtioitai time for one tooth Ipitch

*ith thb clirvotion woeffiocu'nt

Huxleby the itnfl~.ence of the inalitiatiall kfigle N whall bo noulioo-
ted, b.ooaumv this Angle in praudioslly only awal1.

In the general camo of a wyetem with threo c1e1greia of' freadoni

thto total chlII thickneum variation j lit Uon edgC V.USultH from
thz'ee partsu (W. %Uj(y). Those paW~4 )rtm ar ri1umad by
relative (Voveentu Ot x-, y-, and z-dirnotion, whiobi are pro-

'Kduned by the componf~n'to Fix, Fi,, F' ot a dynamic cuttfing forovL,

The ralationuhipN between the force aomnpooentm a~nd tho aampo-,
nentm of thu chip thiuknums variation, car~ o dorived in ana-l' ~loguIu manner am thoi equations (1 .2)(1), Ill .') Vh't 1101
dirent ion couffr bunt aro ubtainudi
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Form (1,M) and (1,6) yields the equation eystem for the resu!•

tant forces

F Ac( Ry, u,, V RYY u, PY, uz)

if one considers, that a chip thickness variation can actually

occur at those teeth only, which are instantaneously in contact
with the workpiece, the direction coefficients are only existing
in the range between the entrance anglel and the exit angle 'I

that leans the validity of the equations (1.5) is limited
following the condition

+ for r 6  f ,4 (*

Rikk ,' /?,.zz 0 (or Y=A 0 f t (,
Because of the Limitation (1.8) the functions of the direction

coeffinients are discontinuous at the angles of tooth entrance
and tooth exit, An example for these discontinuous functions,
calculated for a given milling processis shown in Figure. 1.7,

If the stability analysis shall be performed applying one of the
stability criteria well known from the control engineering
technique, it is very time-consuming and there with not econo-
mical to take into account the time-dependence of the direc-
tion coefficients, Therefore extensive fundamental investiga-
tions have been carried out [11,12,131 , in order to determine
the tionditions, under which the timevariant coefficients can be
replaced by their timeaveraged values. The result is, that this
approximation is justified from the practical point of view
for all. machining operations, where the borderline of 8tability
is low, that meanu especially for those Cases being practically
critical and interesting. With regard to the stability analysis

-12 -



to be performed quickly and economically, in the following only

the time-averaged values R *,.. R of the direction coeffi-

cients shall be considered. These values can easyly be calcu-

lated by integration of the direction functions between the

limits entrance angle and exit angle.

z 0 cosc,•4n•e t-coS/(cos2?rA -cos

I ? ff cos in, c [s ( (-cos/ os 23 A "cos 2 )

2"ZM cssd (czs o CcoCos

+ cosR (sin10A - -Soi COr)]Pz4M 11Czs/ .PIC(' -"M)+ (0S7is ACO~f)J

tp Z 4 L, a 'c""s,'. s,,, f- (cos•- cos?")7

F7T

RPW"rnju Cos Re SinCffO ( )
On principle the sarme relationships can be derived for the

turning process as for the milling process, if the components

of the cutting force variation and of the chip thickness variation

are defined as shown in Figure 1.8. However, different simpli-

fications concerning the direction coefficients can be observed

-13-



for the turning procoss The most imporft.at difftornce iq, that

Supposing

whioh can always be satisfied by the reasonable definition of

the co-ordinate axes, RxyH HYy Azy Kra vero and equations (1,5)

~cc sOf3 tdkc s Om e

- Sn/ coa cos-p

For the orthogonal turning processo given in !,•igure 1,9, where
0I

only

V x - -sing 6

hve to be taken into aaccount in the chatter' inVestiation.

As viready mentioned the trhnufer behavior of the outting

process is described by the mo-oallud chip thiuknesm ooeffi-

oient ka, which represents the reIntionuhip between a ohip

thickness variation and the corresponding dynamio cutting foroo,

Various efforts to detormiru thin coeffioient thooetically

taking into acoount tool geometry, cutting speed, foed rate,

properties of tool and workpiece material did not muooeod vintil

now. Hlowever, the experimental determination of the 1ý -val.uoc

in extremely difficult too, whereby thu groatust problem in

-14-



to plawlate sic woll am pomm~iblo the oovauled "wave an wavo out-i

foro the iiiittal dynkmito outtiiig foaoce mehmurdMontw UtidO1 thiu
0ootrakot hAVe been bondUbted for Wave MittifiW Rhd WKV0 r@MOVing
only, Whiah sire in general aM,1W~ifi0WtAicnt~ito the actually
existivng aotiditidon I'12 132 . ttnduo' 0johtraut AF el(t052)..966 r 192
R tent rig to be used nn a lathe van dt'votopnd, by means of
whioli Oicr Wave dix wave cutting~ tewtti could be jperfxaiiied. The
moot imoortant r'egult ot the fl.rmt moituro~taoit wani, that
the phaee angle between the tWo wavy surface Contoutir is Of
hiRH influence upon the picked kip valtite I3eokutke of thiM f~at
the test irig had to be alter'ed it'i bicih a himatuiev, that the
phane suiile oo~ld jig viried eamyly tnd Mi&pt constant for etiati
duttikig tont ronpactively, Viess lAlterations iaeqUired suah
a time delly, that no re1l.able aind valid reA~ulto ciould be ob-
taimed untittl now,

The sIpp~iiockbiity of the rkindotii tioiwe theory in dynamic cuttihg
tool's Vec.ved airio impusonible uhintl now due to th# offetct of
the phnno anogle t191

HoWever, from the outtihIK tvoto car~ried oUt uip tcl this time
t12113,1910O1 viotme important reculto could bit obtainod, The MoNt
inteveeatiiig fact im, that tho generally uood equatidn

where the outtifil force variation in regarded as directly pro-
portional. to the chip thicknoms variAtion, im an approximation,
which to jpormiuihadle under certain conditiono only, Thim
uquntion is mainly valid for iro1atively low ohutter frequonuios,
Fox, higher froquonuien it mn~ut Iho aoiiiderad, that kain deve,1-
dent on the froquotioy withi respeat to amplituide and phase anillQ,
Thum fallowN

pý 1 i "11 0 1



Pquation (1.11) related to the width of out w ytoldu

F

kewwHerein the related chip thickhoso coetficient kow(iw ) ePre-

msetie a special property of material, characterlmtic for the

chosen cutting conditions, Am already poi, nted out, the invemtt.

Ustioo pekrforsed in this progrtm, are primaryly directed at thu

hoovy duty miauhiniti of the umui• iVeo-torials with cuttihg
apoeda in the k•nge of about 70 , 200 m/miui. DUe to this the

anoalled low opeed wtability, which iw preferably interesting

in the machinitig of high steength and hard maateriali 9) can

be let out of oon'ideration, over the cited speed ekntie the

chip thickness ooeffioieht is therefore takeh as iodependent

teom the outting speod,

The chip thi±kiieum .noeffloientm determined in an orthogonal

pluhSe turoing test, can be applied to face milling aocording

to ,iguro 1,0. Yrom several results of dynamic outting tests

it can be esih thiht the spatial components of the cutting foresc

oaplkially at higher frequenoieM - hayv dintinguished ph'ke

MhiftivAv to the chip thickness variation, this Meane, thAt the

direction of the teuultant dynamic cUtting force in tiewavArihnt

it opiaos, With

YH Mtain cutting force and

F A -thrust force conuisting of a radial and an axial. component,

the transfer behavior of the outting processa can be de•cribed

by the equations

k4,;H Ut')i (w) I"U) e

krA (iW) kA•,(i ) ( )

asid related to the width of out

( -) (1 ,

- 13 *



CWA W.U *)

Aooording to the eqsuations (1,13) faki (1.14) in yiure 1,10 the

tratiekr bdhoavior Of the outting prrmeso in repremented by ouoh
twoJ blcks m- phamet•roo bltmko w , b k (Li W . kReA(t W

and Phhue shifttif bloreh

S(CosJ) cs•w t,) + IA)))

roe th# two oobkPonentN F11 and 0A' Projcting these oomponento
into lho diteatiott of the r.oautkint dutfi.ig force by the an-
gulor funations

I,• (du,) ,, ~ ',,• ,, w,)+ ex.. , •O) S' /( )(w

whidh dan be derived ivrm rikore 1.91 atid ruintation yield the
duttinv fo'•i V'(iw ) which 1seatio upon the vibration eyotoln

bf the maohitie, Am J.t cah be teen on Vigu're 1,10, in an acttual
cUtting prooeo the width of out w im the la*id taotori, by

whoh the amount of the dynamdio cutting force and therewith the
mtablitty i diecotly influeboed, The definitions of w in tri.

nirig and will1ing io given by, Kig~urs Il..l

If the direction of the dynamtic cutting foxoe io thiaevatiant 1 ,

the ratio of the measured uutting force oomponentm and there-
with the angle and all value, connected v•th are also time-
variant, Taking into account thin tima variant bzhavior in the

stability analymi. would make the o•ltouation difficult and
very time consumptive, With reuard to an eooonomoial, perfornianae
of the chatter invoutigation it shall thurazor'e b* Itlused in
the following, that the auting force direction may be depen- I
dent from the frequency but time Invariant for each dicrote

frequnOcy. Thi asaumption may cause slightly incorrect resultsl

however, am demonstrated it the chapterm 1,3,1 apt 1.3,2, tho oh-

. !



The chip thickness ti•o-1ricients ustd in the following oaflula-

tionn, show by far ti•nr-Ainvariant outting force direuctlijuh

within the interestikill frequency range t12,13,91 , Hero the

maximum phaee angle# between the forne components come Up to

about 100, This remult correlatem quite well to the results of

dyhltmio t1uttihtr tests notnducted by 1Polacek, of which some data

were diticussed at the C ,I,.P, -Meetring of Working Group "Mail

on 1 February 1969 in Paris (France). Vigure 1.12 shown a

seheimatiohl drawing of an orthogonal, plunge turninhg process.

])ue to the chip thickneEu (ti,) the static outtihg force F0
is superimposed by a (1Yh~ftlic outtting force V(t), of which the

direction must not correlate to the direction of V In the

given exaflhpAle the ratio of thie force components shall be

11l/F A - . In the caw -n! f 0 that weane no plhse hitf-
ting; between tile dompon•,ntu, tile diredtioni of the cutting force

and thus the angle a are 0onhtailt. It folloWs

10 there atey piade differenot of for in, tahohe cti- 10o

(interrupted curve of F ), the end of the dynamic cutting force

vector foll.oww an elliptical curve. I-owevev, as it can be seen

from the drawing, for a smal.1 phase difference the deviation

of the cutting force direction from the time invariant direc-

tion is only small, when the cutting force vector itself is

jrr.eli',, 1hte. mcanwm that in the cases of small phase differences

equ, (1,17) i. vitlid with good approximation. For tools with
"W t" 00 ono obt:ailnu according to Figuro 1.9

F. (1, 19)
/ ,,oiC

e- ONl



I .1,'A Mock Dl~agraNr of Clomod Control M.,opS for__Syuteww withý
Ono and Several D~jroev. of, Froedom

In oonnaction with the derivation of thq direction coefficienits
this reh'tionefili between a relantive dtip-oreemnent a. the 0 uttn

point and the correispontitng cutting force was detailed, In ma-
chining pirocesesei thin force reacts upon the machine structuret

no that the rrocessi can be representod by the 1oloed contr'ol

loon in V'ilure 1.13, if a vibration nystem with one dtigree of

fret-dam and reftl behav'ior of the cutting process aro suponed,
Heireby the trfthsfer behavior of the dUtt~hIn' PrOelsa iv represjen.-

ted by the material characteriatio value k and the gain factor,

the denpth of out w. Atsluming real behanVior of the cutting pro-

04e88, equ. (1,1P)) yields

K w* (1.20)

For a mymtem with three degrees of freeldom the block-diagratn

in F1,lttire 1.14 is obtained, Itero the totrkl chip thickness
variation u1 at the i-th tooth resulta from the components

U4xu 1
(y), u10z), which are caused by the displacementa

X, y, .zfBy (W' - ow) the chip thicknons variation U1 produOkw* a

auttinty force variation Fi& The oomponefits V ix FiyW F iZ ofP
act upon the machino structure ugain, fly teamonably combining

the blocks of the cuntrol loop and considering (1,(;) the dia.

Ilirun in Figure 1,15 is obtained,

AV. t hY l: qTzG

and4

IV kciv(1 .22)

the vary mimnple control loop it% Fif'irur 1.10 results,

1lcre the index 0 indicatati, that tho additional phase shifting
due to the complex behavior of the outting process is not yet

taken into account.* The influenuev of thin complex behavior In

detailed in chapter 1.,2.3,



1 2 ,tablt Iity Analyst8 hy Mrnnq or the Nyiui t..eritr 10n1

An it wan found out, the dynamic mRaohintng proooso con alwAycn

- even for syntems with eovarul donroom of f'r, dnm - be reduced I
to a nonintermoshod olomod control loop, This fact is very inter-

enting and of high Importanco for the stability analysis, As the

transfer behavior of the machine and the cutting proous is

availrable ini the form of ueperimentallty mornnured remponso nlci

only, the stability analysis im imuitably performod npplyinn tho

well.-known Nyquint-Criterion, 3y mcans of this criteriorn the
stnbility of the closed loop is nnal.yzocd on tho bisim of the
inmponse loOus F (iW) of t;ho opon loop, Rivoa in PA1 gurei 1.17.

1,2,1 Control LOop• lEquatioi

With zn= - lnput.
- .out [)ut.

the equation of the opon loop) repon)e locum in obtained

1ý z, - A 0 2-(,23)
Zk,

For the ohattt4r atnlymis the total resp•onse l.ocuN must not be

known, beoausv it in only important to dete:rmino those condc-

tioha whcnvu the bovder of stability is reached. At the stabi-

lity border the output A is identical to the input zA oonoerning i
phainse An•d nmp~lit~ude:;'

z

Thus the orosmpoirt of tho r1,spon,-e ooous F with the real nxis
0

is tho point (+ 1,D0), ;he so-oalled aWriticin. point. AN to tihe

ohan, ter thi n meoans , that vi brationn once -xoited d>ont no.ithexr

inoroa;e nor docrease, With a ,ronpoint holow (- '1) tho Hystm

is nhb.o olut;y wtab'le, a cros.popin t abovw (1 ,C) ) lnuN QiQntahilit y

of the systefm, Equ, (1.23) acnd (1 .21) yield th, annidi Ltion for the

- 20-



border of stability:

80  -FO aU

1.9.2 Determination of the .Stability borderline

By means of thin equation for each frequency the value 9o can

N"i calculated, for which the control loop reaches the stabi.lity

border, The valuo K0 includes the chip thickness ooefficient,

on which the deapth of out is immediately dependent (1.,22 and

1.20), as well as the delay time T , which in used for deter-

mining the corresponding rotational speeds of the workpiece

(in turning) and of the cutter (in milling)t

T-.T (,.26)

where T - time for one revolution of the v'orkpieoe

(turning) and the cutter respeotively (milling)

Z - total number of teeth on the otter

The values Am and Ko are complex magnitudes, which can be

written as

AO - (Ac, + A A ) (1.37)

k e k, i Ki) (1.28)
with Aar Re {Ao}Ac Jrri fAnt

Kor Pe I kol KoL Jr m(kol

Equ, (1.28) compared to (1,22) yields

NKoe+ i oi) w.kw4 (1.29)

and with

t T- Cs n WT

~21



VV. cW O(Cos .j7- t Sic I'It~

Py this equation (w. kow) and T can be determined for a given

frequency w . Thr this purpose equ. (1.30) is expanded and

arranged to

kor koj

Vrom this equation the real- and Imnaginary partm of K0 are

obtained:

2

Ki Iv-ACk W ( Ror +k~j v iriw7)

(W'kcw) assumed to be real, as mentioned above, yields

by division
Koi ,, ,mwT (,

Scoa, ccT-4
and with

I •- co• 4UT

and oonsidering (1.25)

This equation describes an inverse trigonometric function, of

which the main values are limited by

Considering 'the ambiguity of equ. (1.32) the general solution

can be formulated as

'Tj w •T + 2 r
0m , 4t, 2,3 .

"T=~~~ To * •(/ n

-22 -



With . .

the woll known relation

M , .. . . .6 _ . .. .... . (1 ,3 4 )

is obtained, by means of which the rotational speed correspon-

ding to the frequencies in the response locus can be calculated.

Corresponding to the pair of values T and (w, koC) which satis-

fies equ. (1.22), the value (w, k ) can be determined.

VTqu. (1.22) expanded by Xo yields after some arranging
4 + i A9-1 (coscT- I- ý s cW))

w- k~w -K.e Kor

and with (1.31) after suitable expanding and arranging the

relation
wkc• -E u (1.3,5)

is obtained. As detailed above, the system can only became

unstable, if the response locus of the open loop crosses the

real axis at a point > (+I), Considering (1.35) it follows

from this fact, that K must be negative, because only a posi-

tive chip thickness coefficient and a positive deapth of out

respectively have a practically reasonable meaning. Otherwise

the system is stable.

WYith (1.2O) and (1.28) equ, (1.25) becomes

(Ao, + i Ao) (Ko,. +iki)o (1.36 )

This means

A or -K or, 0 (1.06a)
Aoi -Kot -o (1.36b)

Considering (1.21) it follovs from (1.36a)

K"o . 'R'x.G,, + + P z'Gz z (1.37)
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and with (1.35)

the relation for the calculation of the actual critical deapth

of cut results. As it can be seen, therewvith the stability ana-

lysis of machining operations can in every case be reduced

to an equation, which is easily to be solved by hand.

1.2.3 Complex Transfer Function of the Cutting Process

As detailed in chapter 1.1.20 with regard to easy performance of

the stability analysis the direction of the cutting force in

space is assumed to be time-invariant, that means

Thus the complex transfer behavior of the cutting process can

be represented by the block diagramin Fimure 1.18 a. From the

diagram the relationship between the chip thickness variation

u and the cutting force variation F can directly be derived:

U ( (A kc ) -Iw,(4) fL+1d keWA RA (w4~) (CS1 W4 'sr 0(

With

the diagram is simplified to the one on Figure 1.18 b. As it

can be seen here, the transfer function of the cutting process

includes proportional factors wv•cwHI (w), R(() anda phase

shifting block (o5s "'(w)+ i sinN(w) ). Considering this be-

havior in the block diagram of the machining operation yields

Figure 1.19 a. If the phase shifting block is combined to the

block AO- as shown in Figure 1,19 b - it follows
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A(i A.( w)'(cos t(w) +s,n4'he)) (1.40)

This equation can be interpreted in such a way, that each vec-

tor of the machine response loci rotates against the coordinate

system by that phase angle ' , which it valid at the concerned

frequency W . In the machine response loci G(i w ) the angle P)

means a phase lag of the displacement against the force. Now

an angle (-Yh ) increases this phase lag, as shown in Fig. 1.20.

The other blocks of the loop can be written in shorthand nota-

tion, analogly to (1.22)

R . w. -kcwý'H (e- A)

so that the control loop in Figure 1.19 c results.

The stability nnalysis is now carried out in the same manner

as shown above for the case of a real chip thickness coeffi-

cient. With the control loop equation

A- K-o (1.42)

the equation for calculating the critical deapth of out iS
obtained:

The rotational speeds of the workpiece and the cutter respec-

tively can be determined by means of equ. (1.34) again,

1.3 Practical Chatter Investigations

By the above described relationships it is now possible to

perform the theoretical stability analysis, if the charac-

teristic values and the transfer behaviour of the cutting

process and the machine are known. As already mentioned,

the cutting process data are only dependent ou the cutting
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conditions; thus they anti ba detormineod in scjparateo utting
force measuroments and are than available for further stzx-

bility investigationn, Against that the machino rampoin~ looi

arc characteristic data, which aro in iconartl mpotifia for
each machine, fleoausu of this the rcoiponse loci muit be Vicked

up at each machine to be investigated with rogtivd to machininrt

stability.

During the time covered by thiq contraut, .17 lathetn of di~ffe

rent typos and mrntixnffaturcro and tiltogether 0 milling mitchines

- of which two medium sized vertical milling maohines, ioar

single column boring and milling machition and 'three large portal

milling machines - have extenrsively been investignted,. The mostm
important renults oT these investigations havu been publinbed

in the Quarterly Technical Reports under this contrnct (soe
C-1.1 - 18ý ). 'rho general purpogo of these nit.-hine investiga-
tions was -to verify tha validity oi tho theoretical rc'scaruh

wYork by means of experimental machining toots on the one hand

and oft the other hand to find out, how the chatter atnalysiia

can be performed under consideration of the different muachin-

ing problems existing in practice. Some ropreseantative investi-

gations and results shall be detailed in the fullowing.

At first it will be shown, how the stability borderline cant

easely be determined by hand nspecially for turning procnq:cs.ý
Hereby the performance of tho calcuIntion. ozn aonsiiderably

be simplified by mean8 of graphical illustrations. For exten.-

sive and complete chatter investigations in general the follow-

ingr paramecters have to be taken into account:t

a) concernin,- the machine:

NvorkinG range
range of rotational spoed

installed power
maximum torsional moment
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b) oonoerning the mqchining proconal

workpieco material - tool materitil

milling broadth

diameter of the cutter

numbor of tooth on the tool

tool geometry

confifturation workpiece - tool

Conridoring therjo numoroug parnmetorst the chatter iflvostiyation

cannot' be iorformod with edonomid o .culntion effort without

uoing oloctronical uomputorer, Therefore with reg'rd to tht

rntiotnl tticulntiotn o'P cttbility chnrts digital cotlgitter

proqrnimmou have been develoned, tho npplicntion of whioh in do-

nionritrntod by an cxamnple of chlnttor inv-iiti;nLko11r-j on a vor't:Lcal

millingif machine.

1.3.1 Chtttor Investigations on a Latho

These chatter investigations, which included the dynnmic meoasure-

ments, the calculation of the critical width of cut as well, as

for comparison experimental cutting tests, have been cOnducted

at a inedium-sized lathe (30 kr/). The calculations shall be li-

mited to the orthogonal plunge cut, because hereby very easily

understandable geometrical conditions are existtig.

1.3.1... Dynamic Behaviour of the Investigated Lathe

For the dynamic investigation of the machine the contactless

electra-magnetic exciter was appliod, which has been developed

under this contract (see (17J ). The required response loci,

picked up for a rotational speed of the spindlo of n - 1.40 min-

are plotted in F4iaure 1..21. It can be stated, that the machine

has two main vibration modes: a bending mode of the spindle

at 116, and a rocking mode of the tool head at 170 cps.
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t II Xtt .~ kttihA I l.VA f It I I 9i*i A. It i r% nr hn t i Amnettt, nd t i til n m

that the aomplianŽe in the bundinr.,Y mode aL 1.1 A6 r with the ro-

tating spindlo ovorcornioL the valuo for the stand .till apindlo

by abouit 1.00 %,. The mode at 170 ops is naturally not in-
fluonoed by the spioidle rotation,

1.3.1.2 Determination of the Critical Width of Cut

When manually performing the stability analyois, the oftlou-

lation elfort is considerably depundent on thu transfer bo-
haviour of the cutting process, If there is a froquency-do-

pendent phase shift uxisting between the chip thickness -

and the cutting foirco variation, then etich vector in the
response loci has to be turned by the corresponding angile

As show-n in Figure 1.,20 a negative anglo ' means a phaselag

of the cutting force - against the chip thickness variation,

i.e. the complicanoc vectors have to be turned clockwise

against the coordinate system,

This proceduve on principle being simple but in practice being

relatively time conisuwiptiv, can considerably be simplified

if the phase shift is constant within the interesting fre-

queney range, In such cases the phase angle is identical
for all vectors of the response loci, so that only the coor-

dinate system must be turned - counter clockwise for*( 0"P. The

chip thickness ooefficient used in the following example, has

only negligible phase shift in the interesting frequency range.
It was determined in (1.31 .

kcw - 3,0. 104 kp/cm
2

Thus equ. (1.38) can be used for the determination of the critical
width of cut. As already mentioned, chatter cnn only occur, Jf

Re [Rxx Gxx + Ryx • Gxy (iw)< 0 at one or more frequencies.
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O 4.h " Ae, t Wft+4"F4. ._aha, h a•_i_.., .ull hm Qtabla far' what-

ever high widths of cut. Tho above sumnation is reasonably be per-

fomud qihapihlolly. FAUJIo 1.22 Whows the run of the functions

110 Inxx ., aX3 and Ro t 0y .GX3 as wall an the resultant
curve versus the frequoncy, The reoultant curve ahows three

minima with negative sign, the absolutely grfeatest of which

with ( -0,2) /umn/kp occurs at 123 ops, For this the minimum

critical width of out is calculated:

w - 8,4 mm

For the two other minima at 150 cps and 200 cps widths of out of

21mm and 24 mm respectively are obtained, which howeveol are not

interesting from the practical point of view. The borderlines

of stability are plotted in Figure 1.23, As it can be seen,

the th•eortical vnlue of 0,4 mm is quite wol.1 verified by the

additionally plotted experimental results:

If thu stabilit calculation would be performed using the equa-
tions (1,38) and (1.34), the theoretical stability chart would
show the characteristical unstable lobes, the so called "chatter

lobes." The minimum of these lobes is identical to the above
calculated critical width of out of 8,4 mun. However in turning
operatioas these lobesoverlap so far in general, that the ro-
tational speeds, where i the minimum width of cut is reached

lie very closely to one another in the usual range of rota-

tional speed. Thus in practice the width of cut to be reached
is equal to the minimum critical width of cut. For this reason

the calculation of the - theoretically - critical, rotational

speeds can be given up in general for turning operations.

1.3.2 Chatter Investigations on a Milling Machine Using
the Digital Computer

1.3.2•1 Dynamic Behaviour of the Investigated Millin Machine

The investigations were carried out on a medium-sized vertical
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milling machine (110hY). The detormination of the reanonns Ilnn

roquirod for the stability analysis, was porformod by conven-

tional exciter tA.•tq ht thn etannding stil! l.ttchinc. In .'iurc 1,24

the rosponroe loci for the following working position are plotted:

quill: out

Spindle: above the table centre

cuttert 70 mm above the table

As it can be soon in the figure the machine shows mainly four

vibration modes in the tested frequency range, namely at

57 ops, 63 cps, 65 cps and 138 cps. These are illustrated in

F'igure 1.25. The vibration modaj excited in y-diruction at

65 cps and 138 cps are also excited by Fz at the same fre-

quencies. As it was stated, the vibration modes depend con-

siderably on the position of the travollin[g machinoe eleinent

concerning the compliance and the natural frequency. By the po-

sition of the table and the cross slide respectively in the

xy-plane oxpecially the vibration modes at 57 cps and 65 ups are

influenced. As shown in the folloeving, preferably these modes

are decisive for the chatter behaviour. The variation of the

machine dynaamlics duo to the position of 'the elements has ex-

tensively been discussed in [171ý

1.3.2,2 Development and A|,plication of the Compute' l, Porammes

RATTEI 1. and RATTER 2

Corresponding to the theoretical derivations in chapter 1.2 the

calculation of a stability chart includes the following steps:

1. Calculation of the cutting force anglesd(ic4) ancld(iw);

2. Calculation of time-invariant direction coefficients

XX ... itzz and of the coefficients RIII YA;

3. Calculation of the products Rfl * Gxx (iW) ... Rzz • G1,z (iw)

and summation at each frequency; the results can be plotted

as the response locus Ao (iw);
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4. Multiplication of A0 (iw~) by the phause shiftinn block

"'t OSW); this yioldm the reaponso 1aocua A (LW);
5. Calculation of the Chip thichnalm Coofficient k,,and

of the critioal deapth of out att all frequeneitg,

where A (Aw) hng a naro.-tive real pnx't;
0, Calculation of the rotatioinal Spoode Of the uUttai'

within an interostina: ranrte of the cutting epceod;

7, Plot the stability chart and / or~ otoi'e the reaultd.

fly mannor of the clomputer pr'ogram RA'TV1Ef.-lo the flml claxivt
of whiah. io bgivon in Figurn 1.,26, the ftbove lifAte rtotpB
can be cinvvied out. In the giveni form by thini r~vo,,tlnm oneo
Comtplete uitn.bihit't &hti rt fox, the 1~ftva111tUe.'r iti the 110110 of
the pro"'imm1 i!i obtA.0 ivcd b)) encfli Cr~l eurltol I'mi.iiu The in-
vautiLraLiunu etloiilod hurop :w.vco divoctud to Uku

left end poaition

mvight end Position

of tho table foil constant pmjitkonn of the q~uill and thip itnoe.
In thc~o thr'ee 1ioijitiolrw ritaIbility ch~u'to havo bouen atiUma-

- - ~ted ior the four' millitiq uoiiUimrmtio11ft, ohowl n vii j3;mro ,_, 27.
Ari it can 1xo noun, thes-e four (mflfiqurationr represent tour

differe~nt Poss3ibilitiUO to porfornf on10 t~iV'n Mil lltn oporn'ltionl
at the wnrkptoe.

in Figure 1.201 the vLtability charto for the four con ft rurn tions
in the throo table prirdtioms iu'o plotted, Comfpiu-Ingl[ tho Pita-.
bility eharto it I cum bo itLatofl, that conrmiLdex'akilo Ilfovl'e (Ine
in the oritior~i dcmipth of out ocCum' on the one hand ioi' difl'orent
configurationni in one table pohi tion iind on the othui' hand
also for the nimme conf±igurationl in clifforent ta1bl(S p-niltionuj,[ ~~The las~t colrpnvimon iu prim Elually iLntovoitin(I, whoa the gi.von
machining opoera Llio raquiruj it longr t rivel, oT the tiablo, H*
the mininmuim iutability La then duuttoivu for thio mutximally
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p11writhio tictpth of Cut. 1101 ifllItanlcc V111,11 ftI olizt'aftuo ft-1lo

'ut tv qatintierivee auntpti or cut ofonly 1(3 mih cnba
m(iCttod, althoug~h 110 111t mm olttorvenc dottpth all out IV rom-lib-

IC III OUl loft Ond I)OHI4i~ V01'.Fo all tN010 1)Or~.tttoflO tile moot
fAsVattemble configuviilion I~j giVeit for an entrantie If It1 of
goo, boduge~ chaLtter mthiit bo exsipected hero- not bolow 80 0 bift,
Ili thtV th"~O1'etiadttl Ott loulaton 101 11Chip thioulncgr4 oofficiont do~-
tovUllfle( in JitiJ Wcl9 twedti

Thig cooeffioieftt i~howis onily teal beliaviour avov the in~rAtirig
fl~quntwytlahrt

For tho verifticitkni of tho LhouvoL.c Lul vusulbi~ In &Uoinf CIWOS

at vhiJl rtleaddtio~ll potted iii tho ritab4Aity cluxit. It

Ofin be~ etatvvd, th~i~t tho oorrolintioti botwoun the theoretical

In 031M W) Miake ObVIO14fu1 iii I.Iw fa~r thio iniuta lied 1Iomver of
thah hwuh~ins isi aotuitlly ttined to protit ~and thorewith
to got h~ aitoriob~ tot ithe Ocononty of rachinifigo ti

ronsonable to p'lat the 11itnitioti of tho dompth of cutt
du otho instidled power anrd du othe maximwumosoa

movioiiOft addti:oiiAlly ill tho ntftbitity ulmxltý4. Tito doupth of'
cout limfited1 by the itNstalled powci' can ho mtlculatv.d for at
I'i±l VU o'id ratri pox, 'Moth by thu ou~ati~oi

&Ckoivi WOO
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whore Ninstalled power

total efficiency

k upecif.±1. cutting forca

h avoraged chip thiockness

I = ~ aut-ting forooexponont

z nun~ber of teeth being in oontaot

3 ~30

1~ontabulas

kv 185 htp/mm11

are taken.

)lie c.If iciefldy ~wfttm4 detertained in the too~tp.1

In the r'nnga of low spindle speeds the litnitation it4 not given
by the powei, but by the inaximtaliy admni~siblo torsiohAl mnoment.
Amuiungn that the tangentittl forcoe on the cutter is quite in-
depundetit on th6 cutting slpeed, the cleapth of out limitation
duo to the torsionnl momont cain b a calculated by

MCI (1"47_4006.7 jinv(145
h'(r ~Zm 1P T~Vmm).h44 6W -7.~'i

Thu valaulatton of those limnitat~onpi cann nlo be performad
by the computor program lRATTlM 1. an nihown in tho flow ohnrt,
b~y mnoanI&I of the fornmulari

W OW
Ana ev 
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mined for whatever food rates.

As already mentioned tlho program PATTER 1. is able to produce
one stability chart for a given parameter combination by each
run. If more than one combination are intoresting, the program
can easily be completed, so that tho corresponding parameters
can be varied automatically, The results of such an extenisive
stability analysis in certain circumstances is a groat number
of stability charts, which characterize the chatteribehaviour
of the machine under the interesting conditions, For the or-

ganization of work such data may be very useful, however asto

the application in the workshop this great number of stability

charts is only difficultly to survey and to handle.

Thus it raises the problem to reduce the number of data, but

without leaving out and neglecting the practinally required

information, This could be realized by altering and further

developing the program 1ATTER I, as detailed in the following,

The program RATTER 2 (Vig, . ,29) wag established on the bawis of the

problem being often existing in prnactice, that for a given
machining operation at the workple•e the optimum conditions

must be determined. Apart from opeci.al o w)es, as for in-
stance machining with boring bars, rough machining operations

are in goneral crktical with regard to the chatter behaviour.

Here one reduction is already possible due to the fact, that

for given workpioce materials certain tools have been proved.

Thus for turning tools and cutters tho tool material Pnd the

tool geomotry are given, By the workpinae - tool oombination
also the utt•illf .poed range and thu food rate per tooth tre

limited, If a c urtain machine and a tool are choben io, tho

given miauhining operation, at liit the mout favourable po-.

mition in the working rangje itm well iui the optimum configu,-

rattion worlkiioCuO - tool muD t be Ldote-minucd by m111t041 nO' the



Further considerable reduiction of Lho data will be possiblc

duo to the fact, that it is preferably of interest in practice,

which lowest chatterfrec denpth of cut can surely be realized.

Thi-i question, can be answered by specifying only one value

namely the min.'..nui deapth of cut in the sttability chart.

In Fi;guro 1,30 some results of the stability caloulation

by means of the computer progrram RAVTTER 2 are given. Here the

run of the minimum stability of all possible milling con-

fig'urations for a given 1B/D-ratio and a cutter with given

tool geometry is plotted against the entrance angle f , With

*1 (1,48)

Which follows from (1,30) and (1.9), the borderline of stabi-

lity can be related to the number of tooth oil the cutter z,

so that the chart is vailid for cutters with a whatover number.

of teeth, The figure describes the behavioUrfor themiddle

position of the table, As it can be seen, the sttability
minima in the stability charts in Figure 1.28 e-h occur
at O , 90°, ,1(0° and 2-/00 respectively, At thtore entrance

angles .. t is equivnlent for tile stability, whether the table

isJ moved in x- or y-diruction, becaus4o for D/D - 0,5 the

angle of contact iH just 90c,

Coniidoerini; thu titability charts it% Iilruru I .23 it could alrcýady

bo expected, that uonuiidureblo dii£foronocs vculured in the

ohattu'rgru dun pth of aut vort4um thu entiranac angl e. Ilowevor
in practiou it hijrh statbility in only important and useful,

if it ctati bu io•nchuod with tho Intitallud driving, powur and

if the matximuill torNionln mmolut 1utin t 11ot bt) Ie•,;odod. *In tho
pr'oltram lRAI'THRli 2 thumo •li'itittioni uan ho' ci0a0,ulktto-d too.

Whuln ualcLtlati.:ir and plottinij only Lhu mttimn limtahbility am

purf•,rpud by Ow prolralttl UAA'IVI'I'I l t , thu hil hul, tm.jjb, i .• ty which
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in milling opcrations exists in renuval betwooji the unstitle
lobos~, is not talcon into account and thuo cannot turned to
profit, Thiis pos~iblc iiicreaued stiibllity 1% preferably inter-
eC~ting in thloce CCLS(W: 3, whjoro the MaChlining~ opovaLion - fox, o-
amplo at a workpine already mounted -must ho performed t.n ar
uni'avourabla configuration. Ani the evaluation oT nutnerouri ,,ita-
bility charts for inco milling proua~r,:ion showed the qtnbility
between the unstable lobo,ý can amotint up to about 200 'if ofi.the minimum vatluo, if the ratio of tooth ino~h Lrequency fT an11d
chatter frequency f~ R ati~fifus~ thu condition

Cow-ildering tho chattov rofvorunoy f i and the vRluC 7r
whichi tiv aiddttloiaRlly put out iind plotted i n 14iguro 1 . 30, the

m)L3 L utifavo ±'abl.u rotationrl ;,pccciu can owk,11y be calculatLed
by 1I1CIlnrJ of the ecjuatioll OurVevd Xvom 04. 1. 3~

60 fR 0~. 00fl)

Iti practieo the inc. cased otability cat- be turnacl to plo-ftL

by ChIIO3ill I'Otatidmllal IAPeOCCI. betW001n WWII~ two OT the PfnIMA
utiavouvabluopoa(WdI. AKij it uIan be ueen ini thu criveii Utability
01hartsj, thIN imnprovonlont of the cutting 1-i1au i po ilaiy
poorEililt in tholse caeastj whore only Oon vibirationl hode itapo

ferably doclasivo for tho cha~tter 1bohavioum, If' thu ljec

ratio iN :VZ / i< OP0, oil if move than Ooe vibration viodu in-
fluanov tho chattor behanviouir, in mwit ortaNO the Uflimtnblo lobcus

ov0erlapI in Imh at mmaininr, thint the insruinuwud 1ii tablity C111 not bo

ron 1I~~

Il 0t wii .3 1% k%11 hU s tilt) mm e r 1t I Li u ii jjI do~pL f u L i.1-1

pie: edmovi.'immmt tho iintrillwo 1%1111"14 Torll 0JA, 0"' and WD , 017t
1-ii-1l1votivuly, 1"(11 fl/ 0,: 11 Immd uncraidy folv 11.11 II!)) 0, fi It;
in t. powlidi)) to 111oiiiimt'ii thle %vov(pito wV Lb ttnl).i Lvic~voi In x-

as wo*il 1%mi Ill y.druLin*ioI )I/D 017 andii t."Univarlly l' 1%1l



1'/D >0,5 the curve cuts off at a certain entrance anfle, since

the given breadth of the worltpioce can no more be machined whon
exceeding thiu angle.

Comparing the stability charts in Figure 1.30 a,b,c makes ob-

vious, that the critical deapth of cut is only slightly effec-

ted by the D/D - ratio over wideranyos of the entrance angle

for instance for 00 6Er 4 go0 and 2 70 O& a 6 3G0.

This result means, that the utilization of the installed power
becomes r'elntively better with an incroanilng II/D-ratio in those

ranges, whero the borderline of stability lies below the limi-

tation due to the installed power.

In the shop by means of such reprenentation;, of the stability

behaviour the crit•Gal denpth of cut to be reachcud cnn oasi-
ly be predetermined for given positions in the working range,
given tool geometry and Workpiece material. In addition to

this the operation parsonnel can get a good qualitative sur-

vey over the chattorfree performance of the machine. Finally

it may be stated that the detailed procedures will enable

the miaohine tool users to impirovo the utilization of the mit

chines co•IidePably in many oafer.,
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2. Chatter Specifications

As mentioned above the purpose of the research work performed
on the s.nt1on "Chatter Specnfj.Qotjons" was to complete the

geometrical acceptance tests (after Schlesinger) used until

now since over 30 years, by suitable investigation procoduros

and specification data by moans of which also the dynamic

- preforably the chatter-behaviour of mlchine tools can be

tested and judged respectively. The necessity of dynamic

acceptance tests of machine tools results from the customers

demand ior minimum cost and minimum machining time at pro-

scribed accuracy and surface quality of the workpiecoes. The

machine tool user is therefore only interested ina procedure

by which the cutting performance can be determined as Perfect-

ly as possible under consideration of the relative di.placeotwnts

between workpieco and tool.

At the Werkzeugmaschinenlabor in Aachen extensive investigations

aimed to acceptance tests and specifications have boon carried

out especially With retard to the chattar behaviour if largoe 6nd

heavy machine tools. Pri.or oonditions for this were analytical

investigations into the chatter fundamentals. It Wai at first
necessary to clarify the causes for 11h1 observed chatter phono-

miuna and secondly to work out methods for the measurement and

tile calculation respectively ol the neoossary data.

As to the quetstion, which data or valueo should te ttwod and de-
nined Xor upocifying and judging thi ohattour bhaviour, whon ini-

'UAtint this program all partioipatijil research gtroulps agtireed, that

the most stuitablo solution vfs to take the actial oritical deapth

or width of cut, bouauso this is thu value only loing inturotstinjl

in lraut.I ic. T'rhus thu main ruearech f fu'rt was at ;rt'Ivit diloutud

aIt thu probl0m to duvolop thu ztinuary tcclwihqkmi for duturlill-

Lu1g tihWu VIlloti.

Ilui'uby Ihc ;f(11,hwllltlu points of vItw h11Wd to ho uuiiz,1,ttrodl



1. A minimum number ox values snouid be sufiicient £or Who
judgement;

2. The measurement procedure and the calculation meothod should

not be too sophisticated but easy to undorstand;
3. The required offort of moa..uring and calculation time and

the teat- and ovaluation equipment should be as minimum

as possible.

Tn the following difoferent possibilities roswlting from the per-

formod research work, shall bo detailed in short and diucusod
with regard to the reliability and reproduoibility of the obtained

results,r When Initiating this research projram only few of the pa-
rainoters having influence on the chatter behaviour were known,

1Iowwver duri n the i nvontigations many further pl.'ramvoter have been
CoLoLod out of parl'tly high Importance. The influencing• pnrnmuteor!

for ono part already, qcuantitatively for the other part qualita-

tivoly hnown until now) are altoqethe, grivon with the blodh dia-

g'raml of the dylnalmo m1acLhlnJing pvocouri in ]Vigure2 , 2.oi0e Of them,

eap.cially tho.io aonocu±rinhX the mauhile dynamias, ati for in-

Htance clamttpin•y and moving of the machine elements and the travul

spoed, •otild not bo invostigated bo:roea the doVaiopmont of the

meamuring prooedatro based oh the ravndom noei. theory, (see [ ).o

As to thona e:SAeMt only few mouruntmuonts aould be performed All

* now, so that quantitativu gtoenhieraboinj, coa1lly valid

tUr ntot yet =AVtilAblo, Ex~itploe AVio tho influonuo of thu chaneod

Poiuition of th•iauhlino Olum•ants havo oxtoenWivoly boon diucUsnsod

in [171~u Invoutig~unoi dutailed ini it)) uhowud thu conwideru-.
bDi ouf u A t o lo worhpiuo mou"ntina , The ,ynamiuw' of the Work-

p4au 55 iclI nre ln'oferalbly duaisivu in tho h.Lghur 'woring po-
"Hitio)nm o1' thu mach inme , Corvemponding ruvult•.iLe. of £uvWieiationij

iLnto lariu POvta:I Mtillin. %•uhin•Lu Riru Iivon In fb0.

Ma inl 1y t h o pro • l I ~nhu H I•.Im, I to I hu i um .1 lu, W uh w c liill pro-

vi do thu nuoubm wwivvy tA Un for jeLu 1, g and o povei*fyi ng thu BhMtWo

holittv oul,~ of tm nci nu tonla. Two ok tho I;bwii ov.Ldu to do turmni n ho r



Practically interesting cuttin.g nonditiona, these procedures

are Experimentpl Chatter Tests
Theoretical Chatter Analysis

The third possibility ia to look at the

Dynamic Compliance of the tMachine
at the cutting point because there is a close - at least

qualitative - relationship between the dynamic compliances
and the chatter behaviour.

2.1 Experimental Chatter Tests

Considering that the critical deapth or width of cut is mostly

interesting for the machine user, the method of the direct me-
asurement of the stability border by means of experimental cut-

ting tests is suggesting itself, The main advantage of nuachi-
ning experiments for chatter analyviN of machine tools is the
rimple performance of the tests. The stability border can be

determined by altering the deapth of cut and observing the noise

or the workpiece surface, More comfortable is the USe of a

vibration piok-Ulr and a recorder or an ooil1ogoope. This proce-

dure is easy to understand for the manufacturer as Well as for

the user, Thin may be an important argument under certain

circumutanioem it trouble raises between manufacturer and user,

Further important advantages are, that no special measuring

device and qualified personnel are required for performing the

toots.

One significant disadvantage is the fact, that the investigation

requires extremely high time consumption, it numerous combina-

tion. of the influencing parameters must bo takun into account,

'rhis timo oonsumption whereby tho machine must ho takon out of

produatioa Im considurablo espouially at largu and opepanive

tmachintWolM,
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Additionally several problems in porforming the tosts must be

mentioned, One main difficulty of chatter experiments is the

fact, that the stability border is dependent on an external

diaturbance force. This results in a certain hysteresis of the

stability border, Going from the stable region to the unstable

yields a greater critical doapth of cut than coming from the

unstable region. This is caused by the fact that near the sta-

bility border the raise time of tho selfexcited vibrations de-

pends on external forces, Which are present In machining a worl-

piece surface which is already wavy,

Another influence factor is the Workpieco matoevil, In [I]]

results of experimental chatter tests aro [•ivei", where the

stability border is plotted versus the diamutor of a turning

workpiece, )elre considerableo differences of about 100 % in the

critical width of out wYere found out for different workpioob

diameters. Bosildes to this the influtence of the cuttin&g edge

wear mUtSt be observed carefully, Hlomults of experinental chatter

testa on a millinit machine L l8J showed, that the chatter' tents

can carried out only in a certain stage of tool wear,

l"inally the determination of the critical ctuttinig condit ions

by means of experimenital chatter tests call be regarded aS the

most simple procod.ulve, the reliability of which however im li.-

mited if only normal tilnu eoullumptionl shall be admitted, The

application of this proculhre seew m to he retsonable, if only

snald sHpoctra of working ouon(lition•s shilll 13 taiken into account,
fIu instalwo at s.Ipooiv1t or tiknlle puir-pose lluathile tool1s.

Cuiisi(ler ini that, ill thul• tio of lav e ' ll av mAChiht tools tC lio i'
vaice or the workpiepiu upon thu o hattir Li e havy r an nlwt at aIt.1

bo i to ULtitutl, C;liuo di'ffiulty .ii Mi)U.ll , Ityif ing t eho R(IVto Ilelutiulltd

,utltJ, ll , lto I, ih 1 lOltbS tdo 'Al h y Iltivro nku" d. Thom Ltt oa i: th killtolo,-

~t ~td t. hat I r. ho 11rillltlny objl o vLoni lw.aailln t thu avilo rla 1 app4 1-,

tlitt iU or ctli.illll 'Itoll, fill' IpokII 's' lI, thOw (dh t.tur t o ihaVtoli' oif



large machine tools, though the procedure Jt~elf ig very simple

to apply.

2.2 Theoretical Chattor Analysis

The fundamoentalts as well am the performhanoe of thu theoretical

chatter analyuis have been detailed in the Quarterly Teclhnical

Reports Nr. 1, Ili 1II [111 12, 133 and in chapter I of this

report. The most important advantage is, that by means of the

developed computer programs the btability behavior under all

interesting conditions can theoretically be determined with prac-

tically satisfactorily accuracy rationally and economically| if

the characteristic propertieR of the machiine and the cutting

process are known. From the practical point of view it is ad-

vantageous, that the machine musit only ce available for the

dynamic investigation whereas the evaluation and calculation can
be carried out apart from the machiine. The necessary measurinug

time at the machine itself will furthermore coamiderably be re-

duced by applying the recently developed spectral denaity mostau-

remett t6ohnique developed Under a closely related contract at

the Werkzeugmaschinenlabor dor T11 Aauhen too (19i, By Meaus ofu.

this nieasuring technique it will additionally be posuible to

take the machining parameteru rotational speed, feed ratel moving

of elements, clamping a&,mo into accoutnt during the dynamic iit,,.

vestigation. When representinjg the ahatter lmhavior in the form

of stability oiharts it is also possible to calculate aild to plot

the limitation of the cutting pfirforImRtco dkia to the installed

poWor and thio to the maxinitim torsional moment, By meoan of theete

additional valuom it ii easily pomibitlo to comipare the nhat tor-

true• Iputrforiou• witli tihat poerfornaknc which ti m1achllinlu no., di.-

si unod for, antd theruwith got a lood Antd Ov alr ,) ldsyoii t llf e

pract IN cal uttio tizatlolu of t1o m1achHi

II i t'tri'iilt ,•llladvaltitages clanltut lutl let. ti\t o[ U?• 'brat, . iii.al ')l, hu
fi I'SI (011u till d Vtn the hi ~hlIy N¢•pblit I. I ,,,i' ttjltr I. Inui hu•t. .!



large machine tools, though the procedure itself is very simple

to apply.

2.2 Theoretical Chatter Analysis

The fundamentals as well as the performance of the theoretical

chatter aralysis have been detailed in the Quarterly Technical

Reports Nr. I, II, II Eii, 12, 13] and in chapter I of this

report. The most important advantage is, that by means of the
developed computer programs the stability behavior under all
interesting conditions can theoretically be detarmined with prac-
tically satisfactorily accuracy rationally and economically, if

the characteristic properties of th'e machine and the cutting

process are known. From the practical point of view it is ad-

vantageous, that the machine must only be available for the.

dynamic investigation whereas the evaluation ana calculation can

"be carried out apart from the machine. The necessary measuring

time at the machine itself will furthermore considerably be re-

duced by applying the recently developed spectral density measu-
rement technique developed under a closely related contract at

the Werkzeugmaschinenlabor der TH Aachen too [19]. By means of
this measuring technique it will additionally be possible to

take the machining parameters rotational speed, feed rate, moving
of elements, clamping a.s.o into account during the dynamic in-
vestigation. When representing the chatter behavior in the form
-f stability charts it is also possible to calculate and to plot

the limitation of the cutting performance due to the installed
power and due to the maximum torsional moment. By means of these
additional values it is easily possible to compare the chatter-
free performance with that performance which the machine is de-
signed for, and therewith get a good and clear Judgement of the
practical utilization of the machine.

Different disadvantages c~nnot be let out of consideration. The
first one is due to the highly sophisticated and thus not
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I
generally understandable theory the whole procedure is banede

upon. Another fact is the complicated measuring and evaluation

procedure as well as the vYry expensive test equipment, of

which the operation requires still qualified personnel. up to

now. Besides to this other difficulties are produced by the

parameters - already disc-ssed in connection with the cutting

tests - influencing the chatter border during machining.

However the decisive reason which is qposed to a general appli-

cation of the theoretical chatter analysis is the fact, that

no sufficiently reliable data concerning the transfer behavior

of the cutting process are available at this time.

Considering the advantages and disadvantages the above detai-
led procedure seems to be the optimum possibility for future

time, if the chatter behavior of machine tools shall be Judged
by specifying the actual deapth or width of cut for a large

spectrum of machining conditions.

There is absolutely no doubt, that for Judging machine tool

chatter behavior the actual critical width or deapth of cut

are the most suitable and interesting values from the practical

point of view. However when considering all the mentioned para-

meters (see Figure 2.1), there raises the question, whether

it is reasonable at all to take the width or deapth of cut as

criterion for the chatter specifications of machine tools.

In order to provide a test as simple as possible it seems to

be advantageoup, to let the parameters of the cutting process

out of considuration. In this case no longer the borderline

of stability is the basis for the judgement, but, as can be

seen in the block-diagram, the dynamic properties of the system

machine-workpiece. If the compliance of the workpiens Is let
out of consideration too, at last only the dynomic properties

of the machine itself must bo regarded.
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2.3 Dynamic Compliance of the Machine

The fundamental idea when taking only the dynamic compliance
of the machine as criterion for the chatterfree performance
is the fact, that there is a close-at least qualitative-relationship

between the chatter behaviour and the mere dynamic compliance of

the machine, To test these properties is relatively simple, but

it must be verified, what judgement about the chatter behavior

can be made by considering only the dynamics of the machine.

As it is simple to understand this test provides not at all an

absolute judgement of the machine tool. However as to the large

machine tools it seems to be highly questionable, whether such

a test is still reasonable, after the investigations performed

till now, have shown, what decisiVe influence upon the chatter

behavior is often caused by the compliance of the workpiece
(see r 10, 15] ). To this it must be replied, that first of

all the machine itself must fulfill certain prior conditions

concerning the dynamic stiffness in the critical vibration

modes.

Considering for instance a portal-milling machine the most cri-

tical vibration modes are the bending modes of the portal.

Presuming now the workpiece to be rigid, it can be stated, that

the chatter behavior of a machine A, which i.n the two vibra-

tion directions of the portal has by far higher stiffness as

a machine B, will be better than the chatter behavior of

machine B. By this simple example it shall only be demonstrated,

that by weans of the dynamic properties of a machine a relative

Judgement between machines of the same type is possible at all.

On the other hand it must be noticed, that considerable uncer-

tainty may be exist, when applying this method. It will not

at all be possible, to lind out differences of 20 to 30 % bet-

ween machines, however it should be possible to ascertain for

example a machine, which is about 300 worse than other ones.
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Thus it can be said, that this method will provide a good en-

gineering judgement about the dynamic behavior and therewith

about the chatterfree performance. However before generally

applying this method extensive dynamic and chatter tests will

still be necessary into the problems, what vibration modes are

decisive for the chatter behavior at the different types of

machine tools and in howfar the dynamic and the chatter be--

havior vary due to the changing machining parameters as for

instance the position of the elements within the working range,

the movement cf the elements and the clamping conditions.

Summarizing the considerations concerning the chatter specifi-

cations it can be stated, that now after having systematically

investigated and clarified the fundamental relationships being

vaiLd in machine tool chatter three procedures to test and spe-
cify respectively the chatter behavior of machine tools are now

available on principle. However the above discussion of these

procedures showed, that further practical cutting tests an well

as dynamic investigations are necessary before one of these

procedures can be proposed to be the most suitable one in gene-

ral and befoire general purpose machine tool chatter specifications

can be established respectively.
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3. SructurQnAnalysis

3.1 Digital Computation of .1Machine Tool Elements

and Structures

For the improvement of the dynamic behaviour of machine tools

it is an important point ol view to develop analytical methods

for the calculation of the dynamic properties alrcady in the

status of design. As the mathematical treatment of a complete
machine tools system is an extremely complex problem, due to the
influence of joints and the interdependence of the single ele-

ments, these investigations must start from a separate analysis

of the different components. The next step will then be the connec-
tion of these elements.

All the analytical methods being developed hatve been programmed

anJ tested by comparing measured an co:mputed results. The methods

are described in a form which makes 'it possible to reproduue

them, easily on any computer.

3.1.1 Computation of Spindle Systems

Several investigations of heavy machine tools have shown that
the characteristics of the working spindle are of great impor-
tance for the working accuracy and the chatter behaviour. It
was stated that under certain conditions up to one third of the

total deflection is given due to spindle bending. (Fig. 3.1)

The computation techniques for spindle systems known from the

literature so far usually require considerable simplifications

concerning the geometrical shape or the boundary conditions e.g.

the arrangement of the bearings. In the following a method will

be presented, which is applicable to spindles with any arrangement

and number of bearings.

Usually the cross-sections of a spindle and with this the moment

of inertia I (x) and the mass ni(x) will vary along the spindle-

axis. According to Timoshonko the behaviour of a spindle element

as shown in Figure 3.2 is described by the partial differential
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I

equation

A complete solution of equation (3.1) is generally impossible.

Dut under certain conditions a sufficiently correct approxima-

tion can be obtained when using electronic computers. For the

solution of the problem by means of a digital computer the

temporal deviation is made equal to zero. Then equation (3.1) is

transformed into an ordinary differential equation

c y(.) -~ -, 0) (3.2)

This can be solved for an elastic beam with many different cross-

sections and several flexible supports by a method using matrix

algebra. The following results can be obtained.

a) static behaviour of the system spindle-bearing,

b) natural frequencies of the systems.

For the computation the spindle is divided into separate sec-

tions which may have different lenghts. In order to achieve

a high accuracy as many sections as possible should be chosen.

The state of forces Mi; Q and deformation Y : Yi is described

by the vector
Y1

The general solution of equation (3.2) for a ny section "k" of

the spindle (see Fig. 3.2) is obtained by four fold intogra-

tion for the region O0xk A It C'1.

After that tL• 'elationship between any two interesting points

of the spindle may be expressed in matrix-notation.
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""o " A (3 . 3 )

Additional influences, such as flexible bearings, tiro taken

into consideration by a so-called point-matrix pk' This opera-
tion can be explained by means of Figure 3.3. The status

dir~etly on the loft side of the point b, which is called b

startinf; from the status on the right iJ~do ) is obtained by

the calculation

or . (3.4)

respectively, where Lk is the so-called transfer matrix.

External forces q or moment M and alterations of the diameter,

which cause an alteration of the load q, are taken into account

by defining the vector L in a more general form

[,I (3.5)

ý
7
R Or

The values Yl and of point 1, which are unknown so far,

are obtained from a linear system of two eauations in depen-

dence on the coundary conditions, Mn - 0 and Q. - 0 [1i].

If the initial status vector ý, is known the vector 3n for a

given point can be dotermined in the following way.

*~ B~

:? (3. 6)

- 48• -



In Figure 3.4 the measured and the calculated bending lines

of a lathe-spindle loaded at the spindel-nose by a static

force of 2200 lb (1000 kp) are compared. The correspondence

between the measured and calculated deflections is quite

good.

In order to determine the natural frequencies a mass-matrix,
similar to the point-matrix, is introduced into the program
for the static bending line [131. Assuming an arbitrary deflec-

tion of the spindle-nose the solution is found in an iterative
computation process. In the natural modes both the force Qn

and the moment M n at the end of the spindle must be equal to

zero. The frequencies where this condition is fulfilled are

calculated.

Dy aid of this method given in form of a block diagram in Fig. 3.5

the nctural frequaries and according mode shapes may be foound.

IT there are only the natural frequencies of interest the effort

can be decreased rapidly. [13]

Figure 3.6 shows the resonance frequency of a lathe-spindle

with a workpiece clamped in the three-Jaw-chuck as a function

of the front bearing stiffness. It can be seen thac the dyna-

mic behaviour of the system is described quite exactly by the

chosen method.

Furthermore in a test series the natural frequencies of five

machine tools of the sama type and the same type of spindle

systems hav, been measured. A remarkable scattering of the na-

tural frequencies has to be stated which cannot be explained

completely. The age differences of the single machines do not

shiowv a definite influence. Using the digital computer lro-ram

and the mathematical model of the spindle-bearinfg system shown

in Fig. 3.7 the natural frequencies have been calculated. A

comparison between t!eor-tical and experimental results - see

Fig. 3,8 - yields deviations between 0 and -16,5 ,. On the
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ovo rage R. difference of - 7,25 cz is found. If this is com-

pared to the scattering of the actual natural frequencies,

t 11,1 %, the usefulness of the computation method, even

if so complex structures as the working spindle of a boring

mill are concerned, becomes evident.

When applying i;he chosen procedure of computation the accuracy

of the results is the higher the better the mass distribution

is approximated within the mathematical model. However, from

this fact it cannot be concluded, that the accuracy could be

improved at any rate by increasing the number of mass elements

as at the same time the effect of rounding-orrors become Uiore

significant. Due to these opposed influences an optimum for tVe

number of mass elements will exist. In the present case the

computer program is suitable for a separation into 28 mass

elements and no detrimental effect due to rounding errors

was observed.

3.I.2A numerical method for calculating cross section values

In this chapter a numerical method will be described to cal-

culate the cross section values of an arbitrary given poly-

gonal figure. By help of this method the following values

can be calculated:

Shear Area,

Neutral Axis,

Area Moments about given axis,

Inertia Momentsabout given axis,

Inertia Moments about Neutral axis,

Counter clockwise angle of rotation of principle axis,

Inertia Moments about principle axis,

Polar Mass Moment of Inertia,

Transverse Mass Moments,
Weight of element.
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All these values are needed as inputdata for the programs

to calculate the static and dynamic behaviour of columns

and frames of machine tools as described in chapter 3.1.3.

The calculation of shear area values of single or inerrupted
areas as shown in Fig. 3.9can be done by the Gauss Integral

Law for areas, called Green's-Law as well.

In the most general form this law may be written

fl' (xf)C1xC F(X,'Y) ed, (3.7)

On the other hand for a given area in the x-y-plane the shear

area value can be calculated by the following formula too:

F Y (3.8)

From this formula it can easily be obtained that Fx (x,y) in

formula 3.7 has to be equal to 1 in this case. Thus F (x,y)

in the right hand part has to be equal to x:
F (x ,'), ,•(3.9)

A ()- (x,1)

Now fori-.iula (3.7) may also be written

jpýI J C~ y ~ xy (3.1.0)

Takino into account that

it can be written
17 - ! x d -/ Y Y • (3 . 1J.)

This equation can 1'•,- •:plitted in gnenera*l. Pcci-m. ni lItli the

areas to be calculated being given as polygonal figuros this

formula can be subdevided into a lot of segments where each of
thom is set up along the straight line betvwoen any two given

polygon points. Thus for equation 3.11 tho followinge numerical
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formttla ma- b-- %writton

or in a more compact form

H ~ 1 L~x - ~ ~(3.12a)
L',

In this formula the index i is following the curve C in matho-

matical positive w';ay as shown in figure 3.10 and for i ,n point

(n . 1.) is equal to the starting point.

The formula ais given in 3. 12 a can easily bu proL'Ogrmuiwnd to calcu-

late the value of the cross section arca.

The next step is to calculate the areaiomints and the neutral

axis.

Therefore always two neighbourpoints with the subscripts i and

i + I i.nd the starting point of the system of coordinates are
assumed to be the three corner pointsof a triangle. For each of

the n triangles which are possible the neutral y-axis for example

can be given as

The area of each of them can be calculated as

== 0 C. Y,'*. - Y x,..,)

Thus the area moment of such a triangle becowes

5," =. • Y.(- ,Y, -,.,.. YJ .Y<+ , y.

As long as it is posLiible to surround these triangles in a mnathe-

matical positive wNay with respect to tlie ascending numbered points

the values for s become positive othorw,:.so negative (Fig. 3,10).

The suin of all of them is equal to t he area moment of the whole

cross section. About the x-axis it can be written
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and about the y-axis in the same way

4 -4

From these equations now the distances between the given x-y

axis and the neutral ones can be calculated:

S)

Quite similar to the results as shown until now the formulas

for the moments of inertia about given x- and y-.axis can be
found

and

- Z 3,Yr ," (17)
114

For the moment of deviation Ixy about the given axis it can be.

writtun

S22r,4;,~I.)Y~ i.d X~Yd4 (3.',s)
".4",

All these formulas are easily to be programmed and. thi further
existing characteristics of any given polygonal cross section

can be calculated on the basis of those values.

The iuoments of inertia being calculated about the given coordi-
nates can be expressed about the neutral axes by help of Steiner's

Law.
IxS , Ix - A . YS

I - y -A x 2  (3.19)Iys y

1xys I xyy-A . x. YS

Using these expressions the angle of rotation between the neutral
axis system and the system of principle axes (Fig. 3.11) can
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be calculated

bi, (2 Y) 2 • (3.20)

Furthermore the principle moments of inertia about the 9- and
S-axis are given by the following formulas

:i ~ ~JM cotz~ (dl os2)J.f (2 Y)/2

On the basis of the cross section values as describod above it

is easy to obtain the values for the weight of an element of

the lenght L (Fig. 3.12) and the polar- and transverse mass
moments of inertia.

In Fig. 3.13 a block diagram of the program is given Tor cal-

culating all the valuos mentioned above. The applicability of
the method is shown for the cross section of a machine tool

column as given in Fig. 3.14. The results of calculation as
they are put out from the computer are shown on Fig. 3.15.

3.1.3Calculation of the Static and Dynamic Behaviour of
Machine Tool Elements and Frames

In Fig. 3.1 the flux-of-force-analysis for a heavy boring- and
Smilling-machine is shown. The result of this analysis is typi-

:cal for most of these machines. It can be seen that about 1/3

of the total deflection results form the spindle-system.

Methods for calculating the static and dynamic behaviour of
this part have been presented and applied to some spindle
systems. As the next stop a method for calculating the static

deflection of a machine structure - reduced to a throc-dimen-
sional beam-system - will bo described.

3.1.3.1 Calculation of Static Deflections

The method doscribed here is based upon the lo..:r~ibility to re-
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duce a machine-tool-structure to a three-dimensional system

of uniform beams. This is possible in the very mont cases. An-

other limitation is Hooke's Law.

After the machine-tool-structure has been reduced, the diffe-

rent elements have to be named. The denomination can be seen

in Fig. 3.16. All the elements are marked by the letters of

the alphabet beginning with "a".

Internally the beginning of each element is called "I", the

end "2". The ends "2" of each element, which are the connec-
ting-joints between two elements at the same time, are indica-
ted with the capital-letters of the element's names. The de-
flection of a point A, for instance in the x-direction due to
a load applied at point D, will be called XAB. The rotations
are indicated in the same way.

In the following two systems of coordinates are used. One is
a right handed general-system for coordinating all the members;

the axis are x', y' and z'. On the other hand each of the ele-
mentshas its own system, the member-system, which is a right
handed one too. The axis of the member-system of an element i
are called xi, yi, and zi where Xi is always the lenght-axis.

The sign-declaration (Fig. 3.17) is the one of a right handed
system of coordinates for the deformations as well as for the

loadings.
Each of the elements is regarded to be rigidly supported at
point "1". The real boundary-conditions will be introduced
later. For such an element, loaded at "2" the deflections and
distorsion5 may be expressed with respect to Ilookes's - Law as:

I- r a

4Y a j 4;1

0 ý7 ' 0 Y..., o ,, (3.22)

a ~ a 0 '/ijv,'0 a•j a o 0 I•5
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or
(3. 22a)

The F-matrix is symmetrical (Maxwell-Betty reciprocal theorom).

Alter the relationship between force and deflection has been
demonstrated for one arbitrary element of a system, the tran-
sition to A complete system will be explained. The main-prob-
lea in a complex system in space is the so-called shifting of
forces and moments from the acting point into all the other ones
for, computation.
By looking at the uompatibility-conditions between the ends "1"
and "2" of an arbitrary placed and formed element (Fig. 3.18)
therefore the following relationship can be obtained.

.4 0 0 0 a 0

+ • ep a " .., (3.23)
Imy 4 0 -r 0 # d v,

•tmjl - Ay 0 'O 4 -feP•#

By this equation a force can be shifted in the mobt general

case within a system and the ends "I" and "2" may be any
two point I and S:

,.- *, '- . .23 - rs'r - (3.23b)

or

(3,24)

The total deflection as well as the torsion of any ayutem

joint can be subdivided into two components:

a) the part due to the elastic deformation of tho regarded olo-
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ment itself, caused by a load acting anywhere, called member
deformation • and

b) the part due to the deformation of the other elements (in

accordance to the general denomination, which is called rigid

body displacement ao.

Thus for the total deflection and trosion it may be written

o f, S , 
-.

If , e, .411 1
If e & (3.25)

For the member deformation may be wrLuten

S. F(3.26)

To find a" we have to consider a completely rigid member with-

out any elacitic deformation. Its end-deformations shall be

and a2 due to the forces F, and P2, For the total virtual

work being done by tne applied forces it may be wrtitten

'' - (3.27)

: ubstituting :fro equation (3.4)

ananisin

e. /,V _r J (3.27a)

it follows-

S. •,, •(3.28)

With equation 3.28 any existing deformation Lit point IoAn be

related to point 2 and particularly tlhe rilid body deformation

"- ' (3.28a)

ý;ubstituting [ from oqti. 3.26 and LI from 3.21a the total du-
f'orml|;tttonl l •i hooxpros-us lo'0 any jLvn ololmont k betwoon
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the joints I and K:

W - • . h . ; (3.29)

In the previous chapters only systems consisting of elements
without any relativ angles between them were discussed. To

handle wystems where arbitrary angles between the members may

occur two possibilities exist:

a) The forces and deformation8 can be transformed froii one
member-coordinatc-syste-m into another one at each joint or

b) all the forces and deformations of any element are trans-

formed into a general coordinate-system.

The last possibility is chosen for the following investigations.
For all the acting forces and moments the general transorma-

tion matrix T can be obtained:

Scosr,.'k) oCeS(',y') erc(* ) 0 0 0

cos(,.'•) €os,,,? :o(YzJ,• 0 0 (3.30)

coS• v# 0o('v, CC(*dk 0,(., ) 0,y) o(•

T0 0 0 c,,,O'4x.) ,'=,.(,',',) cos(,,,z,)

O o o CoS(,.4) 's(z .) COS(Y.0( )

The transformation matrix T is orthogonal. Thus it may be
wr, t t e, n :

r• (3.31)

The relationship butween t.e deformations in the member system

and the genoral system can be found in the same way as shown

for the loadings

d = T. a' (7.32)

- 58 -



6uastituting d by means of equations (3.22a) it can be written

The 11-matrix, which allows to shift loadings within the system

can be transformod in tho same way:

,q r

A vector 5, will be introducud which yieldt all the forces at

the ends "2" of the elemonts in member-coordinatos

Ii I
- f. w h ,c

w'ith

LL

In the same manner a vector i ij defined which contains all

the member deformnationis at the ends "2" of the whole system

e.,.

Now the relationship between o and . due to the elasticity

of' the elements can be written .An accorda•c•e with equation (3.26)

F ( J. 2 7 )

0 0

L'efore the rigid body defov'iation oir boundary conditions will

be included the formu:lau obtaine.1 so far will be transformed

i utu the el•neral coordina L sy:tL..

IL may be wviittu,':

n. " 7 - 27

- 59 -



The equilibrium conditions of the Joints in Fig. 3.1.9 can now

be formulated in general coordinates:

7• . . ,. ,, (3.28)
r f~

or in matrix notation

W. - (3.28r)

or " .(3.28b)

The matrix C is called connection matrix.

In addition the following relationship between tile member- and

total-deformation can be obt%.ined

e.- t V (3.29)

Substituting k in equations 3.2O7 by the formulas 3.26 and

3.29 it may be written
• '. .J<,, e,., C .,,,..c z'• '(3.30)

or

This equation represents the relationship between loadings and

deformations of an arbitrary system in the most genw;ral case.

In equation 3.31 the 1-matrix occur in member coordinates.

Usually it is easier to taku the length-olemonts for the

1I-matrix directly out of a drawing in general coordinates.

In order to introduce these values inte the C-matrix the

11-matrices have to be substituted by the 11 matrices.
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Another simplification ib to indicate the H-matrices by mieans

of the Joint names as for instance

Furthermore Hii-nlatrices aro introduced, which are equal to

the unit matrix, in order to get more systematology.

Now for the final matrix, given in equation 3.31. it can be

written

Z +

• ,, .., 4.

.k t,• ..

Zz .I
K L4e

to . .. .. .. ...

4.4. 4 .
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Substituting each element of the final-matrix (oqu. 3.32)

by a from like for instance

HP 7T.. T, //, ,

equation 3.24 can be simplified

I 4 1

,, •7.• .9,, ., I

The applicability of this mothod can be obtained from the coin-

parison of the measured and computod deformation of a compli-

cated machine tool column as given in F'ig. 3.20. The computed

results are shown in Fig. 3.21 as they were pointed out by the

K computer. For point 6 for a computed deflection of 7.13 /U111

(0.282 thou) obtaines. Trhis results corresponds very good with

the measured value of 7.25 /um+ (0.2b6 thou).

The ablovo mentioned method can be used for calculating multiple

pinned systems too. Therefore the load vector of equation

has to include the reaction loads at the additional Ipinnfod

points. Theso loads can easily be found by the prrLnciplo of

superpotitio'iing [1611
- (2



3.1.3.2 The Calculation of aigonfroquencios

The differential equation for an undamped one mass system is

M,-h *kx-O
In the same way it is possible to describe the dynamic beha-

viour of a system of several masses connected by springs:

[(3,34)

In this oquation the expression ýKJC represents the stiffness

of the whole system and [MN is the so called mass matrix.

The inverse of [K(] is called flexibility matrix of tiio system.

'rhe development of this matrix has already been descrxkbed in

the Quarterly Report Nr. 4 for single systems and in Quarterly

Report Nr. 6 for multiple pinned ones[14,16].

The mass matrix [D1 in general is a diagonal matrix of the form

r,7 L

[ 'Ill.,

for a given system consisting of n elements and n lumped masses.

As for any element in space six degrees of freedom are taken

into account each of the elements of the mass matrix consists

of a diagonalmatrix itself.

To find out the eigenfroquencies and modoesapes of a given sy-

sitem described in short hand notation by equation 3.34 it can

be as, umed

. . .(3.4)

Introducing this expreosion into equation 3.1 it can be written

-( - o



I
and wvit~i [K, "• [F]

and -u ,

this formula becomes the most gonural form of an eigonvaluow-

problem

(F/] ~ ~ ~ ~ ~ ( .•-- .... t .35)

After the n cige'ifrequcncio.-i of a systum cons.istiln gof o 1 cie-

ments and lumped masses have boon found the next i.t:i I • to

determine the according eigenvectors .

Therefore the systum of equations 3.35 has to be solved for all

the eigenvalues: 2,

([Al] - AE )*z. - • x,•o (3,36)

After the eigenfrequonuies and modeuhapus have boor, calcuilatud

it is possible to calculate the response locus for a chosen

degree of freedom I I, j , the damping values which are nocded

therefore have to be assumed previously.

To find out the correlation between computed and measurod rc-

sults the machine tool colomn of Fig. 3.22 was excited in the

x- and y-direction. The test rig is shown in Fig. 3.23. The

measured and computed first eigenfrequencies fox both direc-

tions are

measured computed
etrrror

direction . frq. 1 frq.

x 326 lIz 335 Iz + 2,76%

y 300 1Hz 323 HIz + 7,66%

Finally the frequency response loci for both directions were cal-

culated as already doscribed before on the base of the so far
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computed eigenfrequencies an according modes shapes.

The results for both directions are shown in fig. 3.24 und 3.25

as they were printed out from the computer for exciting and

picking up at the top of the column. The correlation between

the measured and computed ampItude for the above mentioned

first frequencies can be obtained from the following table:

aplitude for the
first bending eigenfrequency I

direction measured computed error

x 3,4.iw 3,01 /um -11,5 %

y 3,333/n Am 1 0%
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3.2 Thoorotical Analysis of Loading, and Deformation of

Columns

For analysing the elastic deformation Of colum1ns some simpli-

fications have to be assumed both for loading and stress distri-

bution in the invostigated structure.

3.2.1 Loanding and Stress Distribution

In general the forces and moments acting on the column of a

horizontal boring and milling machine can be reduced to throu

cases of loading shown in Figure 3.26.

a) The bending, moment M involves bending deformations.

b) The two forces F/2 acting on the slide-ways in the same

direction are directly introduced to the side walls of

the column. They cause bending deformations due to the

moment F.- I and shear deformations due to the force

Q -F.

c) The torsional moment F • b can be reduced to the couple

of forces, which is applied at the slide-ways too. The
couple of forces causes twisting of the cross-suction

and under certain conditions considerable distortion

of the cross-section contour. This warping leads to

considerable twist deformations at the front wall of

the column and by this at the slide-ways for the cutter
head.

Calculaitini: the olastic bohRviaur of the Mi)sperime followitin

assuiaptioiin concornina the stros(s:J dilltribution ar e mtdeo:

iG3



III) hCI 1 l. U11I't II Of t 110z;t I'l C- t~~ I A'O Th u' J:1'tio to L urni I it o lio t l!Q1

L.011 !itLC 11:12 if bu A!PJnt15c) c to 1W~ cR) lI twit all1 ovur V hu waIlli

Talnut'entilii Strwe~w:3 aIII(- distributed in' tine foelni of a parab oln.

c Alcmt,, tin wal l., ofl' onjit tudimi sa1~uctiows tangerntial sti'u~isci
t l'u aim;Lvili(, to be cnoraistan

1Ii1c tIInei of Lhne waitl"; Ir~a in-;th bull i n canl hoU licuLic tud wholun
rctgardcing the diruct ion of thu mininiuni soconid intomnto of areal. In

tho saniti way the ,jtiffniess of thu wvalls a.-ains~t torsion can bo

3. 2.* 1 .1 odngDo jorrinaLion.-j

The buildin~g dCjfOrflatioll o1 ,1 hollow buam, fixed a t onet end mid
10loadd 1a9 sh1oVI ill FiLgureQ 3.26 t) and b) , can bu cal~culated from

the well. klowni formiulas:

a) loaded by it pure balndi nit maine not IM0

E 15Z (3. 37)

3.2.1.2 Bilotti Dufci'mationis

.1heii loaditrig a boann by vi singlej fore u F, niot onil y no L'I1"lb s tvus.,us
but albo SheaRI SUt'UniSUS occIIV ill th c1 sssu i0 TIaWY lund

to addci tiomail shcar de.foi'matIion . , The deflect ton hii U..t hlgit I u



I'~ ~ ~ ~ ~ ~ ~ ~~t v hf 1,p nC. C, c. a-~f n:O1 l. ~~fic f bu v., i t tU C 8

Tho factor ae taketo bitoaccuount thu, di~tribut ion of 81,Iioni' H-tvunll-i

over thuo cross-uuutioi. F1Qipl [")j aives thu fullowing urtvatiofl

for the factor a?:

For the shear stress it canl he wi'itumo

T(X Z) - f duQLýxz d Ab (x)A
and

Vor calculating at thiin walled iuctttngulal cvows-Hoution thpu

factor v (sou t3, 13 J ) call ho writ tenl aN

' P " +~ 4-/Ocx + -15)34H

In this uquation thu zshuaU' strussus of' Ulu unloadod walls no.

in F'iguro 3.20 bi lwvu buon nugloutIucl, as thu wall-thiicknusH hI

sinall in comparison to the uross-SUIUOtIn. IlowYUVU1 for' 81111ll ValIU1i
of tho factor cc - 1h/b thu shular s tru(ss ill the 1111nl1oaduI NY1tt11 hauv

to bu considerod.

Considering thu loaded %va 1 1s no. 2 ill Figarol :1.20 fOr luni L11C11t i. I

the influence oi' shear furuu the uquat ion to compuit ato (flue l[,1
becomes(2 oc tc.+) (34)

sc("(3+ -C (JC -1 0C+150,4



Equ. (3,44) shoWs that the ditstribution of the uhear utrefjo8

in the structure depends only on the factour i.o. on tho shape

of the uro"N-Roction. The Vulatloni-ship betWuunatland both the

faetor'se'and d it plotted in figure 3,27. Tile dingram "howN that

the influence of the tihoar streasos in the unloaded Wails can

be neglected for or !> I in practical caseH as tho differ.noe bet-

Ween & and M' is small, Only in the range o < 1 those tangential

stresses have to be ooaisidored.

3.2.1. 3 Total Deflection duo to -i Single Force P

For a thin-Wallud beam loaded by a single foroc F tho total do-
fleotion at the point of foi'ce application can be Written am

ftot f D + f(

With the rations G for stel and G 2 L for cast
iron and using the abbroviation

1/h -1

the total deformation of the thin walled b-euam with rertangaular
uOoss-suction beooi•es for

it) calculating a utuol utruoturu:

2AJ~3Io) U4 2s~-2J o+ 156c +5)i (3 4 5

b) calCulatin(g It oaUt iron0 StrLIuLuu'

rio o,1 + .,1f~~.) (3.)

- (3c -
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In Figurc 3.28 4.h1e dofleeLIon duo to shear force is com~pared to
the deflection due to bonding. Thu, ratio of the defloctions at

the point of force application is plotted ovor the distance of
the loaded section from the fixed end of the beam, which is rc-

lated to the hei[Iht of the cross-soction. The diagram shows that

in the range of usu'al size•s of machino tool col3unns

- L/h - 2.5 + 4.0 with I/L - 0.15 + O.j

whoro L means the total lenght of the column -

the deflection duo to the shiuar force has considerable signi-

ficance hosidos the bending deflection. The influence of shear
force can be neglected in comparison to bending deformation only

for relatively great distances of the loaded section from the
fixed end of the column.

It may be assumed for instance that dofloctions duo to shear
force can be neglected if their part of the whole deflection
is leos than 15 1,". In this case the influence of shear remains
disregarded for a column with a- 2 for 1 > 3 11. For a beam
with aquaro cross-section shape ( c - 1) this border is growing

up to 1 m4 Ii. However, if the column has a small height of
cross-section in comparison to its breadth b, as it is valid
for values of oc- 0,8 or less, shear deformation can only be
neglected for 3 > G (1 > 6 h).

3.2,2.1 Torsional Loading and Doformation of Columns

Thu torsional deformation of a columin fixed at one end and
loaded as shown in Figure 3.29 can be calculated by well
known formulas if thero is no distortion of the cross section.

A r (3.47)
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For thin walled columns the polar area moment of inertia

usually is calculated from the equation known as "B13redtles"-

Formula

4 Am (3.48)

A .is the area enclosed by the centre line o1' the walls, U

is the circumference given by the center lines of the walls

and s is the variable wall thickness. if the wall thickness

is constant around the circumference the equation for calcu-

lating the area moment of inertia becomes

14;ý s(3.49)

The equations (3.48) and (3.49) suppose the angles remaining

constant under loading and the coltumn being able to arche freely.

Them equations also do not consider arching of the outside walls

and distortion of the cross-section. The torsional loading M

has to be applied to the column with respect to the flux of

shear stress being constant all over the cross section (V5- const.).

As the deflection of a column caused by torsional loading due

to a couple of forces as shown in Figure 3.29 cannot be conipu-

ted by normally used equations, a method to calculate these

torsional deflections has been evaluated taking into account

the distribution of the shear stress. Similar to bending a factor

a (see [3 , 15j ) is stated which considers the cross-sectlonal

deformation. The index of ae corresponds with the numbers of walls

in Figure 3.26

g- + - (,2=: 2 c( + * 0,2) (3.50)

A*e q2 a+ 0,2 (3.5)
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3.2.2.2 Torsional Deformations with and without Warping
Lffects

For the pure torsion the twisting of the column in the force

acting height causes x deflection of the walls which carry

the slide ways. This deflection can be oalculated from al-
ready prosented equations

_ MT (3(43.)5 2? )ý - -Tr b

The torsional m -oment in assumed to be

MTf - F • b'

and with the area moment of inertia

Ir 7 -- 0----20 2 a.+,• 0 (3.09)

the equation to calculate the deformation bec toes
[fro. .F,'$f+_).O $ •(3.52)

For any o iven cross-seotion tho relationship between the
torsional deformaation with distortion can be wyritten as

ItIn the diagrami of Figure 3.30 the ratio X' /fl io plotted
to the normalized height 13 - 1/h, Tie ourv6 sh*•wB thlat in

a height of 13 - 2 the torsional deformation due to a distor-

tion of the cr'oss-sootion is about 1.0 times higlrhr than the

corresponding torsional deformation without distortion,
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3.2.3 Modol Testa

To Oheock the invoutigation methods on one side and prove the

equtations derived above on the other side experimrntal model

tests have boen carried uat using Welded steel models.

3.2.3.1 Tested Columno and Test Method

Thu dimnenslons of the welded stool models have been scheduled

in such a way that the specimen can be handled easyly and inve-

stigated With sBiflall expenditure as possible. The design of

Lhe rustod coliruiins aid their dimensions are shown in Figure 3.31

and 3.32. The ratios oi the dimensions of tile iudel with square

oGross-seetioLh

Z// - 3.23
S/, - 0,020

corroapoad approximately to thle values Utied at real columns of

machino-tools,

Thi models With 'octangu]ar 'rowu-sootiofl have tihe ania hoight
- 1.9.7 in (500 min), as the liodols with vquare cross-section

havw but the ratios

OC - 2,00 or OC - 0.49

for the cditio~iont of tio uroiu-suotion. All modola are vianu-

facturud with and without top - plato.

_iauro 3.33 shown the tout ridsi to invostigato the buhaviour

of the columns under bonding &, nd torsional loads. The columlns
aru fixod by 10 scroyws o0 to a stiff intormnodiato-plato which

itsjlf is fantonod by Horoewi on a fixingi-platu. Tho fLxinjr con-

ditions of the columns have proved very titi'. Nuvortholes,
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a certain flexibility of the clampinq causes an additional do-

flootion of the column and therefore the vertical doiloctions
of the flango of the column are measured to soporato the( do-
fleetion of the column,due to tho clamping condition from thu
deformation of the column.

The foroes are applied to the column by moans of two screws which
arc situated in the iront wall as near to the side walls as possib-

le. Vor bending the columns are loaded by a singfle force F in a
way that two forces each of the vnlue F/2 are actinig on the side
walls in the same direction. The torsional moment represented by
a couple of forces is symmetrically applied to the column by
means of an U-iron that is loaded by two hydraulic load units
which are fed with oil of the same pressure by one pump. Apply-
in- the tornioMi moment it is ensured that no single foroe
occurs Lwhich coIld lead to additional bending and shear deformation.
In three different heights the coloumns are loaded by bending forcoos,
or torsional moments, the hoights arol

case at height of loaded seotion 1 - 17.9 in (435 nun)
case bi " " " 1 - 14.D5 in (370mm)
case c: 1 - U.3 in (210 Dmm)

All deformations and deflections are moasured with inductiva
deflection pick-ups. The pick-ups are mounted on it stand which
is fastened on the flixing plate In it manner that the stand
does not movewhilut loading the column. Fro!ii this stand the
absolute deformations can be measured.

3. 2.3.• * Investigation of Unribbod Coluinn::.

In ordur to chock the acuoracy of tho above derived mcthods
to calculate tho doformiationo of coluwm, under bendinfg and

torsional loads n•odols of uz'ribb;d columnsi •ro tostoed. In acdli-
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tion the bonding stiffnoss obtained from theso tests is chosen

as a standard to relate the measured stiffness of ribbed col,mns.

3,2.3.3 fending Defloctions

The tablo in Figure 3.34 shows the calculated and measured do-

fleotionsof the columns with square cross-section. The measured

values given in the table are taken as the average values of

the deflections which have been measured at the 4 corners of

the loaded cross-section. It can be seen that there is quite

a good accordance between the dalculated and measured values

of deformation.

The deflections of the columns with rectangular cross-section

measured in the same way are compared with the calculated cb-

flections in Figure 3.35. The column with top plate shows

a little higher stiffness. The errors are less than 10 %.

The occuring errors are caused by the simplifying assumptions,

which have been made for the calculation, as well as by errors,

made in measurement, during running tests, and manufacturing

the columns.

3.2.3.4 Torsional Deflections

The measured deformations of the columns under the applied

torsional moment do not show n pure torsional deformation but

a cross-sectional distortion which is drawn in Figure 3.36. For

this reason a "stiffness against torsional load" is declared as

the measured deformation at the point of loading devided by the

force itself. In the Figures 3.37 and 3.38 the relationship between

the measured deformation and that being computed neglecting the

warping effects are given. Figure 3.37 describes the values ob-

tained from the columns with square cross-section whilst Figure 3.38
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c.hIOV: thoso of the Column wi.th rec Latigular co-.iuLn.ThU

moasurod res~ul ts R:rcci qui cu %ul0 W.. wth tihu comnpktul tedIQ inu ±

tho loadi ng liheihts of 17. 0 in aad ~ 14. 55. The accoi'danco bceomciic

wortic in n hoi.ght of 8.0" in, Thoe c difLforwicus aru lud, Welt Oil

in order t coipre the i.nfluunco of some Icindul of niterinal1

rbii. ~i_- the mea-sure'd do fornmationls Of the COIIumnsI~ loading"' them

Ini t c~i h of 17. 9 i.n are only take ii I. n to account,

3.2.0.0 Dendinrv stifneuss

T1he 2nua.-urccd Detiding 'stiffnesses of' thle initernially Vibbed c'-.manns

tre -related oil thc Onuo 0.' the u11ribixid Colimil . Inl lollul-' 3
tile I i I i *c d bonding sýtilficosus regiven. The listing Shows

that the stiffness increases by ribbinge approxiimatuly in pro-

portion to thu growvth of thle area ImomunL of inertia . Of all

tostud columann thu one with double diagonal ribbing stiffensVLho columns bot. The inoroamse of stiifno!3. amounts tip to 32 %U
whist heother; testud typos of vertical ribbing increaso tho

banding stiffness betwoon .1.3 %to 21. %correo4ponding, to the kind

of ribbing. Wlhen considering the amount of material in thle ribs

which increases; thu Lendling~ stiffiness by relating-f the(, stiffneoss to

the total %yeighit of elach column re *eacti vely it becomes Obvious
whn o.king at Figrure 3.39 that tile weight increasubcquicker than

thestifnes.Thus the bending stiffilos.;of the unribbLud C0o11u1n

ribbed column~s

3.2.3.7 Torsiona.__Sti~ffness

As showo in Chapt;cr 3*..4 t ha 6ynnutrically applied copeOf
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forco-j difzAorts tho crois-aoction of the unribbod columns

and thus a oonuidorably lower torsional stiffness is caused.

For this reason the calculated stiffness duo to a pure tor-

sional deformation of thu column has been chosien as a base to

relate tho measured stiifnosses of the ribbed column. As it is
a theoretically calculated stiffeuss this value is marked in
Figure 3.15 as 'ttiooretical", For comparison only the tost re-
sultu of the load,.lný height of 17,9 i11 axtaken into account.

Tho normalized sti ffnoises agaiuint tortioan tir listed in VI[ure
3.40. In opposite to tho bonding stiffness the stiffncss againtL

torsion can be increasod by a top-plato which becomes evident

comparing the un,'ibbod and the ribbed columns with parallel ribbilng.

Thu stiffness against torsion of those columns without top-plate

varies between 0.5 % and 15 %'o at the maximitua whilst the columns

with top-plato reach 51.5 % of the theoretical stiffness, With one

diagonal rib the column-renahos a stiffness of 65 % and theo

highest stifinoss is measured at the column with doublo drsagoiui1
ribbing, and amounts up to 115 % of the theoretical stiffnesa, The
diagonally ribbed columns with. top-platoev en shOVw a higher stiff-

ness but the differonco to the ones Without top plate is not am

important as at the unribbed columns or those with ribs parallel

to the outer walls. Also good results show the columns with

horizontal ribs, these ribs suppros tho orows-mectiona]. diutor-

tion and thus stiffon the columns up to a stiffnoses equal to

the stiffness of pure tortson.

Trle torsional 2tiffnO:wsos I'Clitod to tho total %VoilI:ht of tho )oIhunn
show a tendency similar to the ono of the bonding otifinu:jses,

Choosing the torsional utii'ino.ss without crosm-suctional distov'-

tion as a base this stiffness is not roachad by any of the inter-

nally rilbbod colmans, Vrom Figuro 3.40 can be soon that thu o•fua--

tivenoss of the material in ribs, is bost whon ribb:Liji thu co;'.'t.uis
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wth hox'izontnl ribm. rwo horiz~ontal. ribm and a top-plate give
aturaiunill utiftnesm irelatod to thŽ wui~vht or 911 ',IV of the theo-

In ordei' toj obtain cinveetitcdamdtriigth yi~li

behaviour tile ououmhn liavu boun dymmuically tor4trd, 'Phoy aro

loadod by a dyn~amic forevu of +. lob p whichi is ironiiitri by ani

o lectro-dymulltii e xc 1.tov', Tim uxpurimuic iihi aJil),igowIul1 I is Mhowil
i. u tile blockdinf~rahl of "igv L,'.Acod ntobdSI au

toi'SiO1nal loadS Lhu dynamnic fort.,W 1!A ii~ppioLd tit thive di ffoetit
pointo to thle columim as showni in viLgtWo :1,42, Tho picik-upm- 111,L
blaouhted oil thle Ciolumnu oppositu. to thu oxoitut' to Meatlure thu

torsional mio~des, Ex f.uw pliatu vihi'atitils ai'o Iflc~itud 1XH ivoll.
Applingthe ox aitoir firom't in tho uii1tr'o1iiiaoiltutpo

Vh0ocolAirntm the but i.'Jt; zodo-and plato vlbk'atiaw; two iticiiLud
mi~d whoul uxoitku,~~ tho oUL1u1WId ill thu cunltro of it wido wall1
witiiely 'plAtu vibvittu'01m, ocuti~r

Ir~ -0 al hocrott .nri of thco excitur the roupomiucuvo

hn -vo pialkod ku. ill a frokikiclicy Lnu o be tuen 300( aup and 100() opc.l.
Thu body ino'Ais u~nd pln tv vi birnl~l t Lu i dontifl ud by uotý4mr~itqc

thil 1tij)iiitUk1US Rid diiloc.Liom.: o-1 tho' vibrationti at inazzy poitziL r1,

thu ooltrima tio tiat t lho moduti onn bin plo)t;todi. OX' tho body 111do .4 R-nd

[ i~~~ md OX 11omo1 plaxto vi britt 10nt theiu diulp i nt. com.' £ixiciu~~ 1nt 1htVI boon
d4Jtormiiized t'roa tire douity Cckvoui,

3,. ,~ ~un~' i.'o~uiid Modk' 3nu i Umibb d n
In to iurnalyLilbvd Co lmumw

Ill 1A±~uk' 3.* 13 thu rutolall cnnu ivuH oft U (10,u1z11z1i Wl.~ out1 top-

Ft



plate wvhan excitinit the cojlumnm at a coi'noi' on thuo top, aro alhown.

Thu V0901oanuo UUrVui8 dIffor in their uhnapo Oxcut~t thlat two re-.
Eonancu 1pUah. can bu found ait ahuoiit thu immu Crequenuieiu. They
avo tht. i'uwonanc~u froquenciou of thu building mode nt 450 apri and
thu one of thu tortiiona1l mode at 13C)0 cpt. These rohionanuo fr'o-
q~uuuiUs ChAUII& 0111Y Vory little althlOU91 tho HtiMIOlEOU~ of thU
colwint- againut bendingr and torsional loadzi altol for relatively
litrgo amiount ucoruspondintj to tho different typoi3 of ribbing, DUL
au the vibrating~ tasu iLd- changited by thu ribs ats wall iotiffness
and maivi ara alterod abotit theu ame nrmount anhd thus thlu rooonancom
o~e the betidinVL, and tOl'n~ioII1. 1110(10 romain at their frequencies
Iindujcidun t Trom thu typo Cof 11.1iihhin

A tvusonanceu fruqtuonuy whiush chatilgus between 450 eps and 750 aps
aucording to tho d.i.Uurent intui'nal ribbing in the nuo of tho

tor!,ional mode with jvousB-ucctiuhal deformation, The f'ocIuencieB
of thisi modo iqhtxp var~y in such n~ large range bocause the stiffneaw

of the ovnsi~-Nuation illyninst diwtortion mlterm so Inuch.

Trhe mode uhapoes oT the~le '-I body iiodes of thu wholo columin 4re
Orami 1il J!I~i'ru 3,4, 14 huy aro tho mode shapou whiah are of in-
torcut in Ak dynruiiu~ an~ltyais of thu nti'uatui'o.

Any vvtonuti'juN aluu which havoi boon mnuasurud at thu coluumrnm
hiave b)on dutur~iirii d aw plate vibrationm of tho Outer walls or

of thu. ribu vuspuctivuly. flut unlike to the rosotianueu of the

bodly modou no rcilationinhip can bu found botwuon tho resonance
A'ruquuniuiuH lnd mtodo Hhapes of thu Iplate vibrotiong. in Of:
VEsponseo curvesý Of thu dif.Col'UIIL Qolum~ns. ThM plattO Vibrtion11i
u I. ii in~lluu cud by tho initorlial vi bbi tmg and thusthe Ulu sonaucoo
*I'O(MICUI Ofutl ii Hi' IlIillar 14111o ofi tho pin to vibrationst di 1fui' but-

Mo.t otit o n~nuc Xrucuonuiusj of pint.) vibrationN .iuvc bouji dutur'.'
Ininu(1 at. Mu lanribbud and dlangona~ly ribbod coluianti B omu Of!

thesel. 1nudo Miapou Rror vuprusunted ill iAl yru Ai' ~ t thu Cotunins1t
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with horizontal ribs and thoso wich internal riba pap.1.n1 tn
the outer walls the number of rouonanoom of plate vibrationia iu

umall in the frequency roig@ !p to 2M0n cpt. Thin I- lod back to

the fact that the horizontal ribs and the ors prallel to the out-
er walla devido thoem into smaller diaphragms, Thus resonanoou of
lower frequencies are juxpproaded,

Not only internal ribbing but also a top-plate which closes the
column at the top diminishes the number of plate vibrktions asr

it can be aeon froin a comparison of the reaponse atirve, of the

columns with and without top-plate. Theose reaponno curves are r'e-

prosented in Ftle 3,4d. At the column with top-plate even the

torsional mode with cross-Bectional distortion does not appenr,

because the exciting force is in this caoe applied to the oolital

neae• to the top-plato and the top-plate BuppreojoI tht dror,-rjoo-
t ional (Iii-tortion,

Vor two other' )oihtd of feores 1pplimtlomn the rot4on3io otx'vcOr

ol the 0 columnna rvo shown in 1,iaura 31,47 and 0.40O, The reUultn

derived from these ourven are the ones that for improving the
dynamic behaviour of columns plate-vibrationu must Ic ouppromieod

as it i. pousiblo for example with horimontal ribs, Another way
to avoid plate vibrations is to utitfon the plates by ,all rib-
bind. In order to cheoli the in fluenco o2 wall ribbinlaj on the dy-

namic behaviour of coltuimnis somoe typoe of Wall ribbina hiive been

teoted, Tho reuultu of these toat are diuuuunod in the lollowiniv

ahaptorm,

3.2,0 Tonted ColtwUinim with Mill ihbing

The dcimenuionu of tha colkIuInrJ with Wall rib'I inI nrc like

thosre o the inturnally ribbed ooltunnn anid thoy are tested

in an equal way. Xn thin. inveutigation three different types

of' wall ribbing are tented, Thoy are shown in ,iguro 3.4.9,

The oolumnu of type A,D have horizontal wall ribu around

the column. Typ/Ylo DL,' ii derived from typo A by adding a

-00-



vertical rib in the centre line of each wvall from tho
Lotl-ahi to the top of the column and typo Cpl, is a variat:ion

of typo A which is originated be dividing the fields betweon

the horizontal ribs diagonally,

3.2,b5, Results of Statin Tests

An the Wall ribu add only a little to the area moment of inertia

but oh the other hand the woldings Weaken the structure be-

cauue of the notch effect the columns with wall ribbing do not

roach the beiiding stiffness of the unribbod column w:hich be-

comOe obvious by looking at the diagram in Viaure 3.50.

The stiffness against torsion yet haa been improved a little

by the wall ribs. This mainly is caused by the horizontal

ribs which detain the oruas-sectional distortion. The tor-
sional stiffness of columns with wall ribs is listed in

Figure 3.01. From that figure can be seen that the columns

of type V with 4 horizontal and diagonal wall ribs is stiffest

although there still remains a remarkable amount of cross-

sectional distortion.

3.2,6,2 Reaults of Dynamnid Tests

liiurot3._2 and §33. show response curves of the tested columns.

In Figure 3.52 response curves of six columns are given when

exuiting them at a corner on the top. Those response curves

indicate that the wall ribs do not change the frequencies of

the body modes but avoid a lot of the plate vibrations which

are incited at the unribbod column (soo YigureolO. Looking at

1"iuure 3.53, wh.ch shows the reuponue curves of thb columns

when exciting them on the top in the centre of a wall the

effectiveness of the wall ribs bocomos obvious. Up to frequen-

cies near to the one of the pure torsional mode plate vibrations

can bu avoided by wall ribbing, In dynamic testog large machine

tools it has boon proved that the frequency of the pure torsional

- k4l -
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inode of the column can bc assumod as a border up to which ±u.-on-

ance frequencies of columns are of interest. Frequencies of a
column higher than the one of the torsional mode in most cases
do not influence the dynamic characteristic of the whole machine

3.2.6 DaMing Coefficients and Modo Shapes

Besides the number of resonances and the resonance frequencies
the damping coefficient is an important parameter which deter-
mines the dynamic characteristic of a structure. As it is
necessary to know the exact damping coefficients for a calcu-
lation of cross response curves the damping coefficients in
the different rode shapes of the tested columns have been

measured. The results of the damping measurement are plotted
in the diagram of Figure 3.54. From the diagram can be seen,

that for different body imode shapes different damping coeffi-

cients exist. rn the bending mode the highest damping coeffi-

cients have been measured. The coefficients vary in a large

range thus no definite value can be given for a computation.

For the torsional mode with cross-sectional distortion the
damping coefficients lie near a mean value which amounts

a quarter of the mean value of the one of the bending mode.

The damping coefficient of the pure torsional mode is a little

higher and varies a bit wider than the ones of the torsional

miiodo with cross-sectional distortion.

FromIlg. 3.54can be deduced that for each body mode a damping

coefficient existsin a certain ranze which diffetsdefinitely

from the others. Although at the moment it is not possible

to predict the damping coefficients of a structure it is

thought possible that by systematic investigations a list

of damping coefficients can be set up in order to enable

more exact computations of cross-response curves,

The plate vibrations in most cases are not of interest in

a dynamic analysis of a machine tool structure because in
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a well designed structure plate vibrations must not occur.

Tlius only a few damping coefficients of different modes of

plate vibrations have been measured to check the amount ol!

these coofficients. They are all near tlie damping cooffi-

cients of the torsional ,nodes.

3.2.7 Deductions from the Model Tests

From the static and dynamic invuitigntions of the simplified

models of columns a few important points of view can be do-

rivod which should be taken into account when designing

columns of Inachino tools.

To obtain a respectable static stiffness of a column the stiff-

ness against bending and torsional loads have to be determined

independently because a structure which is stiff against bon-

ding is not necessarily stiff against torsional loads. To

optimize the bending stiffness of a ,•olunn the cross-seotion

should be designed as large as possible or for given dimen-

sions of a cross--ection the outer wValls uhould be thickened

instcad of adding internal ribs to stiffen the structure. Any

internal ribbing will not increase the bondiag stiffnuss as
much as an equal amount oe' material which is used to thicken the

outer walls.

In Figure 3.55 a list of normalized cross-sectional values as
area, area moment of inertia and area moment of inertia related

to the area of unribbod aind ribbed cross-soctions 1,3 given.
All cross-sectional values are related to the ones of an un-
ribbed square cross-section 6.24 in by 6.24 in and O0.5b7 in
(4mm) wall thickness. For each ribbed cross-soction the afore
mentioned values of two unribbod cross-sections ara computed
when distributing the material of the ribs evenly to the outer

walls. In the first case the wall thickness is growing to the
inner and in the second case it is growing to the outer of

the cross-section. From Figure 3.55 can be ziev-i that i.e.

SS34. I!
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buting iOw material. of the x'ib., toth houti ml4tetvs
momewnt growa by 09 % or 74 Itriiuioy

Tho tor~iional utifi'finot4 Whon louditnrl a columnn by n oouplo of'
foraca can uw~mitially ba inu o~ by intoenaI ilihbi whiloh
zauppecaj&~ a arotm-aoctiotml di~torLion~. Anothuir way to obtain
R sufficient Lornional Stiffnnas irJ to lohofou it cro~q-&NaCtiotn
which doai8 not diatort it theo acting foIrcon a1ru appl~ied pro-
perly. SUCohi a roslI-FAoatioll for examlplo Lij a Givclo,



With regInrd to ,,ptimum use of machine toolR in manufacturing

plant" it in imnportart and necessnary to know those machining

,.otiditions defitiitoly, where the installnd maichine power can

bo turned to profit as fnr an possihle without chatter ocouring.

After havitlg Pxtennively studied the fundamentals of the chat-

ter behavior of machine tools, a procedure could be developed.
Lnd ha:s blen detailed in thin rueptrt, by muenns of whioh clear

nnd undernr titnhdahle ldingritimH of the chatter behavior of lathes

ntI mnilI ltn, hiflitin (.nIt be produoed theorveticnlly. 1n.sed tripoi

the theovy of roegulierative chatter a mathematiucl knodel of the

syntem nmachine tool - oUttinig prooess has beeh establtihed, of

which the stability analyNis Cnh ensily he onrried out by apply-

ing the Nyquint-Criterion.

In practice nutinerou parimonttern and naohining conditionio must be

taken into account, when carrying out a complete stability ana-

lyni of Ia machine, 13ecauso of this tact different digital

computer prigrams have boon duveloped for the quiak and ecohomi-

oal perforniAnuiti of extensive chatter investigations in Cohmider-

atiut of tht practically interueting aonditiono. Some results of

chattur inveritigatioin on a lathe and a milling machine have

been diHoutiimud tin uhiraotvristio exaimples.

From thliorctttual And practical studiou into the chatter beha-

vior jarrivtd out no far, three test prooedurev result, which

in the iutum,' cain offer the •jOisibility to provido the neocssary

datii for Npooif'ying maohine tool chatter behavior. However,

furthor oxtonnive investiglationN and disoumlions bOtweun the

ninufalutueirfrg and the Machino tool uNorN moum to Nh) nucoenary,

beforu one of theno proce, cJtr will prove an the ptlimom ono

And before del inte Itomuchi.o tool achatteor npcoii', toniJ olin be

laid down,

. .. .. . . . . . . . . .
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The method" for procalculating the ntatic and dynamic behavior

O-f machine too! nymtemm .m_ htitlfly doucribed in this Final

Report and in more detail in the according Quarterly Reports

are found out very helpful during the de~sig• processes.

These mothodm developed under this contraot cover a wid,

range of problems which could not or only unsufficiently he

solved so far.

fHowever, it should he pointed aut that still, problems occur,

when dealing with the static and dynamio behavior of connection

points within a structuree, g, between ellwments or at the foun..

dat ion.

If these parameters - as in several casies - may be neglecated,

the above mentioned methods and correspond(ing programs work

very Well, In cases of high influences duo to connection -

conditions between the elements of a system the overall be-

A havior can only be determinated qualitativly so far. In this

cases nevertheless the possibility to compare some given sug-

Westions in form of different designed structures is given by

eleminating ýhe above mentioned influences.

In a theoretical analysis some equations have boon derived

to calculate the bending deflections of a column when taking

the influenoce of shear force into account and moreover equa-

tions have boon formulated to calculate the torsional defor-

mation of a oolumn loaded by a couple of forcesv which distort

the cross-section. The influence of shear forne nnd the one

of cross-sectional distortion as it funde. if of the loading

has boon pointed out,

In tests of models of unribbed columns the th.)rortically de-

rived equations have boon proved. In order to analyse the in-

fluence of internal ribs on the static stiffness a number of

models of columns have boon tested and the results presented

show that for optimizing the bending stiffness the material is

best used not by adding ribs %o a column but in thickening

- 8G -
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the outer walls or in enlarging the cross-section. Whilst

the torsional stiffness loading a column of rectangular cross-
section by a couple of forces is increased in the best way

by adding diagonal or horizontal ribs or by choosing a circular

cross-section. Furthermore it turned out from the static tests

of columns with wall ribs that this kind of ribbing does not

sufficiently stiffen the columns neither against bending nor

against torsional loads.

Plate vibrations can create relatively large deformations of

a column. From dynamic tests of the internally ribbed columns

it turned out that plate vihrations can be avoided at lower
iroquencies by dividing the large areas of the side walls by

for example horizontal ribs. But the best way to suppress plate

vibrations is thought in stiffening the walls by types of wall

ribbing which divide the walls into sufficiently small areas

between the ribs. This postulation has been proved by tests of

columns with different types of wall ribs. The dynamic test of

these columns indicate the plate vibrations can be avoided

by wall ribbing up to frequencies near to the first pure tor-

sional mode.
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